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Abstract 
An investigation of an existing heat exchanger system and subsequent modifications 
to condition process air is pursued. Three different methods will be examined to condition 
outdoor air to a set of specified conditions, namely, the relative humidity and temperature of 
the air supplied being processed will be analyzed. The application requires supply air at a low 
humidity and a high dry-bulb temperature. The three methods under investigation differ 
' 
primarily in how the method is used to humidify outdoor air which is subjected to preheating, 
cooling, and heating along with clean-steam humidification. 
The objectives of the research are to determine operating costs and technical 
feasibility of each conditioning approach. An economic analysis comparing the variation of 
each component of the air handling system as well as an overall monthly and yearly cost 
assessment will be conducted. Due to the necessity of accurate inlet conditions of the process 
air, an in-depth investigation into the accuracy of humidity and temperature sensors will be 
analyzed. Specifically, the humidity sensor time response and accuracy, as well as absorption 
distance will be investigated. The effects of radiation from the heating and cooling coils on 
the temperature sensors will be examined. The effects of the humidity and temperature sensor 
errors are then discussed. 
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Chapter 1 Introduction 
1.1 Background 
Every year manufacturers consume considerable amounts of energy to condition 
outdoor air to specifications needed for processing raw material into finished product. One 
example is the energy required to condition moist air for use in a fluidized bed reactor. A 
reactor consists of a bed of fine solid particles that are transformed into a fluid-like state 
through contact with either a gas or a liquid (Brown, 2003). Under the fluidized state, the 
gravitational pull on granular solid particles is offset by the fluid drag on them. Thus the 
particles remain in a semi-suspended condition. In a gas-solid fluidized bed reactor, one or 
more reactants are usually fed into the reactor in the solid phase, and another reactant is fed 
in the gas phase. Typically, there is mass transfer and reactions in both phases. The internal 
dynamics of the fluidized bed such as air flow injection and distribution, mixing, solid 
particle movement, uniform coating material, etc., are extremely complicated. The quality of 
moist air supplied to a fluidized bed reactor is crucial to ensure proper conditions for the 
reacting materials. 
The function of the fluidized bed reactor at a pharmaceutical company is to provide 
satisfactory coating of a pharmaceutical product. The reactor uses process air as the 
fluidizing gas and requires that the air is conditioned to a specific temperature and humidity 
ratio. If the humidity ratio is too high, particles can agglomerate preventing uniform coating 
of the pharmaceutical. In turn, bad batches of pharmaceuticals due to poor mixing and 
coating are costly for company profits. 
One means to properly condition outdoor air for use in a fluidized bed is to pass the 
air through a series of heat exchangers. Each heat exchanger serves a specific purpose to 
change the air temperature and relative humidity. The energy required for each heat 
exchanger to operate can be expensive if the processes are not optimized. Thus, to ensure that 
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the heat exchanger system is being utilized efficiently, the goal is to condition moist air while 
effectively using energy with minimal costs. 
A typical system of heat exchangers is comprised of four basic units: 1) a preheating 
coil, 2) a humidifier, 3) a cooling coil and 4) a heating coil. Outdoor air first passes over a 
preheating coil where the air is heated to a specified temperature to allow for proper 
humidification. Then the air is humidified to a higher dew-point temperature than the 
required dew-point temperature at the inlet of the fluidized bed. The reason for the extra 
humidification is to eliminate variation (i.e., time response and humidity sensor errors) to 
ensure that the air is humidified to the proper state. Next, the air is cooled to the specified 
dew-point temperature by passing over a cooling coil, which results in 100% relative 
humidity. Finally, the air passes over the heating coil where the air is heated to the proper 
dry-bulb temperature, while still maintaining the same dew-point temperature. This 
conditioned outdoor air then enters the fluidized bed at the specified inlet conditions. 
1.2 Objective of Study 
The purpose of this study is to investigate an existing heat exchanger system and 
subsequent modifications to condition process air. Three different methods will be examined 
to condition outdoor air to specified conditions to be used in a fluidized bed. For a particular 
fluidized bed reactor, the relative humidity and temperature of the air supplied to the inlet of 
a fluidized bed will be analyzed. The reactor application is for a pharmaceutical process, 
where the supply air must be of a low humidity (i.e., 50°F dew-point temperature) and a high 
dry-bulb temperature (i.e., 130°F). The three methods under investigation differ primarily in 
how they humidify outdoor air (hereafter referred to as process air) which is subjected to 
preheating, cooling, and heating along with clean-steam humidification. The important 
considerations when deciding the best approach for conditioning process air are the technical 
feasibility and the operating cost (i.e., electrical and natural gas). An economic analysis of 
the heat exchangers will include total monthly and yearly costs for each system. 
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The objectives of this study are to determine operating costs and technical feasibility 
of each conditioning approach. An economic analysis comparing the variation of each 
component of the air handling system as well as an overall monthly and yearly cost 
assessment will be conducted. Due to the necessity of accurate inlet conditions of the process 
air, an in-depth investigation into the accuracy of humidity and temperature sensors will be 
analyzed. Specifically, the humidity sensor time response and accuracy, as well as absorption 
distance (i.e., the length after the humidifier before the vapor is completely absorbed into the 
air), will be investigated. The effects of radiation from the heating and cooling coils on the 
temperature sensors will be examined. The effects of the humidity and temperature sensor 
errors are then discussed. 
1.3 Scope of Study 
1.3.1 Overview 
A series of tasks will be used to support the study objectives of economically and 
technically evaluating and comparing the three different methods of conditioning the process 
air. These three different humidification approaches are hereafter referred to as the present 
approach, Plan A and Plan B, with the latter two methods being essentially modifications to 
the present approach. In this research, the three different humidification methods are 
described, including the details of the different processes used for conditioning the air to the 
fluidized bed inlet condition and actual temperature conditions (Chapter 2). Also described 
are advantages and disadvantages, with the latter focusing on potential problems that might 
occur as a result of implementing Plan A or Plan B. Descriptions of the components along 
with the assumptions used to develop equations for an economic analysis are presented 
(Chapter 3). The inlet conditions and the outdoor-air conditions that are used in this study are 
also presented. The major tasks of the economic and technical analysis are presented next. 
1.3 .2 Economic Analysis 
The first step of the economic analysis is to specify a utility price for electricity and 
natural gas and then perform energy balances on the high pressure (HP) boiler and water 
chiller to determine a cost per unit mass flow rate or cost per unit energy flow (Chapter4). 
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Afterwards, these unit cost values can be combined with the mass flow rates of high pressure 
steam and the clean steam, along with the energy transfer rates to the chilled water, in order 
to find hourly operating costs. These operating costs are dependent on operating conditions 
(i.e., the three different humidification approaches) and outdoor conditions. Several different 
scenarios will be analyzed with the categories being worst-cost scenarios (Chapter 5), which 
often provide maximum cost information, and typical operating condition scenarios (Chapter 
6), which determine monthly average mass flow rates and energies based on monthly average 
outdoor temperatures. After mass flow rates and energy demands are determined for each 
scenario and component, then either hourly, monthly or annual operating costs for the system 
will be determined and compared for the three different humidification approaches (Chapter 
6). 
1.3.3 Technical Analysis 
The technical evaluation is presented in detail for processes and components that can 
affect the successful operation of the three different humidification approaches (Chapters 7 
and 8). For example, the isothermal humidifier assumption is analyzed, errors in various 
temperature sensors are evaluated for each different humidification process, potential 
problems and errors in humidity sensors are described and evaluated, and finally the total HP 
boiler load is determined for the purpose of ensuring that the boiler can satisfy the system 
demands. The HP boiler is also analyzed so that decisions can be made as to which clean-
steam production method is to be used in the future. 
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Chapter 2 Three Humidification Methods 
2.1 Description 
2.1.1 Present Approach 
As shown in Figure 2.1, the present method of conditioning process air utilizes the 
following processes to achieve the fluidized bed inlet condition of 50°F dew-point 
temperature and 130°F dry-bulb temperature (i.e., 8% relative humidity and 0.0076 lbvllba 
humidity ratio). 
1. Outside air is heated to 95°F in the preheating coil by using high-pressure steam. 
2. Process air is humidified to a 59°F (15°C) dew-point temperature by using clean 
steam from either an electrical boiler or a steam boiler. If the outdoor dew-point 
temperature is greater than 59°F then humidification is not required. 
3. Process air is cooled to a dew-point temperature of 50°F (10°C) in the cooling 
coil by using chilled water at about 40°F. The cooling load is supplied by the 
water chiller when the outdoor temperature is greater than 30°F and by the 
outdoor dry coolers when the temperature is less than 30°F. 
4. Process air is heated to the fluidized bed inlet temperature of 130°F (inlet can 
vary 120°F to 140°F) in the heating coil by using high-pressure steam. 
Both of the proposed plans, namely Plan A and Plan B, are described in the sections 
that follow, and in addition, the operating conditions for all three methods are summarized in 
Table 2.1. The "yes" or "no" under each component in this table refers to whether or not the 
component affects the dry-bulb or dew-point temperature). For example, the preheating and 
heating coils do not affect dew-point temperature. The components (preheating coil, 
humidifier, etc.) and corresponding temperatures in Table 2.1 are arranged from left to right 
in the same order that the process air moves through the fluidized bed conditioning system. 
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2.1.2 Plan A 
The Plan A method is a modification to the present approach so that process air is 
heated to only 60°F in the steam preheater, rather than 95°F. If the outdoor air already has a 
temperature greater than 60°F, then preheating is not required. As before, the process air is 
humidified to a 59°F dew-point temperature, which requires the same flow rate of clean 
steam as with the present approach. The operating conditions for Plan A are summarized in 
Table 2.1. 
2.1.3 Plan B 
The Plan B approach for conditioning process air is the most economical (i.e., 
minimum natural gas and electrical costs) when the outdoor dew-point temperature is below 
50°F because the air is simply heated to 95°F, humidified to a 50°F dew-point temperature 
and then heated to the 130°F fluidized bed inlet temperature. Specifically, the added cost of 
cooling from 95°F to 50°F with chilled water and then heating back to 95°F with HP boiler 
steam is eliminated. In fact, the operation of the chilled water system is only required when 
the dew-point temperature is above 50°F, so that the air needs to be dehumidified to a 50°F 
dew-point temperature (e.g. mostly in the summer, late spring, and early fall). These 
operating conditions for Plan B are summarized in Table 2.1. 
2.2 Technical Feasibility Comparison 
2.2.1 Present Approach 
The present approach has been routinely used in the past to set the specified fluidized 
bed inlet conditions for a pharmaceutical process; however whether the process has 
accurately been able to supply the required conditions is unknown. The weaknesses of the 
present approach are threefold: 1) the process air is heated twice during the same temperature 
range (i.e., 50°F to 95°F), 2) the limited HP boiler capacity is used to accomplish the first 
item, and 3) the process air must be dehumidified rather than humidified. 
As noted, one of the three weaknesses is that the process air is heated twice during 
which the temperature ranges between 50°F to 95°F; first in the preheating coil and a second 
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time in the heating coil. This extra heating step is performed year-round, and increases the 
cost for natural gas in both winter and summer. As will be described in Section 2.2.2 and 
2.2.3, there may be a possibility to reduce this cost by modifying the temperature range 
where heating occurs twice (see Plan A) and possibly eliminating the double-heating of air 
altogether (see Plan B). 
The current system consists of two fluidized beds that use high pressure steam to 
humidify the process air (refer to Fig. 2.1 ). One of the fluidized beds uses a natural gas HP 
boiler (fluidized bed 1) while the other bed uses a clean-steam electric boiler (fluidized bed 
2). Modifying the present approach for conditioning air not only has the potential to reduce 
natural gas consumption, but also reduce the demand for high-pressure steam supplied by the 
HP boiler. As a result, some of the HP boiler capacity could be made available for other 
purposes, such as replacing the clean-steam electric boiler with a clean-steam boiler supplied 
by HP boiler steam. In addition, reducing the HP boiler steam load ensures that the existing 
HP boiler will meet the total system demand at extremely low outdoor-air temperatures (e.g. 
-20°F). 
The last weakness in the present approach is that air is heated to 95°F, regardless of 
whether or not humidification is required, and then cooled to 50°F even when the outdoor air 
already has a dew-point temperature greater than 50°F. Additional costs are incurred because 
of the extra heating, cooling and dehumidification steps. The reason that the present approach 
requires extra heating and cooling processes is that humidity control at the fluidized bed inlet 
is performed by dehumidification to a 50°F dew-point temperature rather than by direct 
humidification to 50°F. 
It should be noted that the costs for extra cooling are negligible when the outdoor 
temperature is cold enough for the outdoor dry coolers to operate alone (note: cooling cost 
may be negligible but extra costs from double-heating the process air still exist). Because a 
temperature difference is necessary to transfer heat, the outdoor temperature needs to be 10°F 
or more below the chilled-water temperature (i.e., less than a 30°F outdoor temperature) 
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before the outdoor dry coolers can remove enough energy to achieve a 40°F chilled water 
temperature. Therefore, during the summer and during parts of the spring and fall, the water 
chillers must operate in order to supply a 40°F chilled water temperature. At these times, 
electrical costs are incurred by the water chiller as the process air is cooled from 95°F to 50°F 
in the cooling coil. 
The aforementioned weaknesses in the present approach have resulted in several 
proposed changes to the process air conditioning system. If preheating were to occur only to 
a temperature of 60°F rather than to the higher temperature of 95°F, as proposed in Plan A, 
then the range where double-heating occurs is reduced and, in addition, less cooling is 
required to reach 50°F. If the routine heating of outdoor air to 95°F and then cooling to 50°F 
is eliminated, as proposed in Plan B, the cooling of the process air to 50°F (i.e., 
dehumidification) would only occur when the outdoor dew-point temperature is greater then 
50°F. 
2.2.2 Plan A 
The advantage of Plan A over the present approach is that there will be a reduction in 
the amount of natural gas needed to operate the HP boiler because air will only be heated to 
60°F rather than 95°F. Additional savings with Plan A is a reduced chilled-water load since 
the process air is cooled from 60°F to 50°F rather than from 95°F to 50°F, as is the case in the 
present approach. Specifically, the electrical costs of operating the water chiller will be 
reduced in non-winter months when the dry coolers are not supplying the bulk of the chilled 
water load. An additional advantage will be a reduction in the HP boiler load, which will 
allow some of the HP boiler capacity to be shifted to other applications, such as possibly 
replacing the clean-steam electric boiler with a steam boiler supplied by HP boiler steam. 
A potential problem associated with Plan A is the absorption region of the humidifier 
is lengthened. In Plan A, the outdoor air is only preheated to 60°F. Due to the lower 
temperature, the injected steam takes longer to become water vapor which increases the 
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absorption distance. With a larger absorption distance, condensation could start to form on 
the duct walls or the processing equipment. This problem is analyzed later in Chapter 6. 
2.2.3 Plan B 
One savings with Plan B is that if the dew-point temperature is greater than 50°F, the 
process air goes directly to the cooling coil without preheating. As noted previously, when 
the dew-point temperature is between 50°F and 59°F both the present approach and Plan A 
preheat air and then humidify to the 59°F dew-point temperature. Of special importance, the 
Plan B approach (with humidification at 95°F) eliminates the problem associated with Plan A 
of whether or not proper humidification can take place when the length of the absorption 
region (i.e., fog region) is increased at 60°F. 
A potential problem with Plan B is that to accurately humidify air directly to the 50°F 
dew-point temperature by using readings from relative humidity sensors may not be possible. 
Specifically, humidity sensors have a history of inaccuracies and slow response times (Pate, 
2004), which makes direct humidity control difficult. Plan B eliminates the problem of 
relying on humidity sensors to control the fluidized bed inlet humidity. Instead, the inlet 
humidity is set by dehumidifying air to the 50°F dew-point temperature. 
Another possibility to overcome this control problem is to measure the relative 
humidity of the outside air and then calculate the correct amount of steam that needs to be 
added to get a 50°F dew-point temperature. A flow rate sensor would then be used to insure 
that the correct amount of clean-steam is added to the process air. However, humidity 
sensors are inaccurate at extreme conditions of low temperature and low/high humidities, 
which could result in an incorrect amount of clean steam injected, thus an inaccurate 
humidity at the fluidized bed inlet (Pate, 2004). 
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Chapter 3 Conditioning Process Air Using Heat Exchangers 
3.1 Overview 
The process air is conditioned while passing over four different heat exchangers, 
including the preheating coil, humidifier (i.e., direct contact heat exchanger), cooling coil, 
and heating coil (refer to Fig. 2.1 ). Each of these heat exchangers requires a flow rate of HP 
boiler steam, clean steam, or chilled water in order to establish specified conditions at the 
outlet of each coil. For example, with the present approach, the flow of HP boiler steam is 
controlled to obtain 95°F and l 30°F at the outlets of the preheating and heating coils, 
respectively. The clean-steam flow is controlled to obtain a 59°F dew-point temperature at 
the humidifier exit and, finally, the chilled-water flow is controlled to get 50°F dew-point 
temperature at the cooling coil exit. 
In this chapter, the air quality conditions for the fluidized bed are discussed. The 
chapter presents the energy and mass balances for each component for the purpose of 
developing analytical equations that relate fluid conditions and heat transfer rates. In later 
sections, outdoor conditions and process-air set point conditions will be specified for the 
three different humidification approaches and then the energy and mass balance equations 
developed in this section will be solved for either mass flow rates or energy flow rates. 
Finally, these flow rates will be combined with the unit production cost, based on the 
purchase price of either natural gas or electricity, to get the hourly operating costs to establish 
specified process air conditions. 
3.2 Fluidized bed Inlet Conditions 
For this study, the process air at the inlet to the fluidized bed is assumed to be at a 
dew-point temperature of 50°F (l0°C) and a dry-bulb temperature of 130°F (54.4°C). This 
dry-bulb temperature represents an average for typical inlet conditions that range from 120°F 
(49°C) to 140°F (60°C). For an atmospheric pressure of 14.7 psia, these fluidized bed inlet 
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conditions correspond to a relative humidity of 8% and a humidity ratio of 0.0076 lbvllba, as 
shown in the following calculations: 
• Actual vapor pressure 
P,, = P.ar(SO"F) = O.I 78psia 
• Maximum possible partial pressure 
p max = P.a1(!30"F) = 2.225 psia 
• Relative humidity (RH) 
<p = P,, = P.ar(so•F) = 0.178 psia = 8% 
P max P max 2.225 psia 
• Humidity ratio 
aJ = 0.622 P,, = 0.622 °· 178 psia = 0.0076 lbv 
P-P,, (14.7-0.I78)psia Iba 
The humidity ratio (lbvllba) can also be taken from a psychrometric chart (Olivieri and 
Singh, 1996) at the 50°F dew-point temperature; however, readings from a chart may be less 
accurate. For example, the value from the chart is almost 0.0075 lbvllba, which is in general 
agreement with the calculated value of 0.0076 lbvflb3 • 
The last parameter required to define the fluidized bed inlet condition is the mass 
flow rate of the process air. The volume flow rate has been measured in the past to be 7500 
c:fin at the fluidized bed inlet temperature of 130°F. The mass flow rate is obtained by 
multiplying volume flow rate by density. The density at the inlet is determined by assuming 
atmospheric pressure and by using the ideal gas equation as follows: 
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28.97 _!:!!_•l4.7 lb~ •144 in: 
p =MP= lbmol in ft = 0_0673 lb 
RT 1545 ft•lbf •(130° F+460)0 R ft 3 
lbmo/•0 R 
(compared to 0.075 lb/ft3 at standard conditions). The mass flow rate is then determined as 
follows: 
m = p-V = o.0673.!!!.._·7500 fl 3 
ft 3 min 
m = 504.8~ = 8.41lb=30,285.!!!._ 
min s hr 
The previous calculations assume a standard atmospheric pressure of 14.7 lbr/in2 in 
the process-air system at the location where the air enters the fluidized bed. This assumption 
is valid because the pressure drop in the coils is measured in inches of water, with one inch 
of water corresponding to about 0.037 psi. The standard atmospheric pressure is also off 
slightly because of altitude effects and because of changing weather conditions that can cause 
hour-by-hour variations in outdoor pressure. 
3 .3 Outdoor Air Conditions 
The outside air conditions to be used in all the analyses can be divided into two 
categories consisting of 1) worst-case scenarios for winter and summer and 2) typical 
outdoor conditions based on typical meteorological year data sets (Marion and Urban, 1995). 
In order to analyze a worst-case scenario, the winter conditions are fixed at -20°F and 0% 
relative humidity. In reality, the relative humidity for winter is 70% to 100%, however low-
temperature winter conditions are typically characterized by small humidity ratios. This 
assumption of negligible water vapor in outdoor air at a temperature of -20°F, even when the 
relative humidity is 100%, is verified in the calculations presented next (note: these outdoor 
air conditions are outside the range of the psychrometric chart): 
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• Actual vapor pressure 
~ = rp•P,ar(-ZO"F) = 1.0 x 0.00622 psia = 0.00622 psia 
• Humidity ratio at -20°F and 100% relative humidity 
OJ= 0.622 ~ = 0.622·( 0.0062psia J = 0.000262 lbv 
(P-~) (14.7-0.0062)psia Iba 
The humidity ratio of 0.000262 lbv/lba for outdoor air at -20°F and 100% relative 
humidity is small compared to a typical room air value of 0.0078 lbvllba (refer to a 
psychrometric chart at 70°F and 50% relative humidity) or a typical fluidized bed inlet value 
of 0.0076 lbvllba (see previous calculations). For this example, the humidity ratio is about 3% 
of the humidity ratio at the fluidized bed inlet condition. 
Several different summer conditions are analyzed in this research because of the large 
range of humidity ratios that can occur in outdoor air in the summer. In the winter, 
humidification is always required while in the summer humidification may or may not be 
required. Also, the coefficient of performance (COP) of the water chiller, which affects the 
cost analysis, varies with outdoor temperature, and therefore, important to analyze a range of 
COPs and outdoor temperatures. For example, at an extreme outdoor condition of 95°F the 
water chiller cost is high because of low COP, but humidification and preheating costs may 
be negligible. Conversely, at a lower outdoor temperature of 60°F, the water chiller costs 
decrease because the COP increases, but humidification and preheating costs increase. 
3 .4 Preheating and Heating Coil 
3 .4.1 Description 
The type of heat exchanger that is widely used in industry and used in this study is a 
shell-in-tube heat exchanger. In this type of heat exchanger one fluid (i.e., HP boiler steam) 
flows inside the tubes, while another fluid (i.e., process air) is forced across finned-tube 
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bundles. This type of flow is considered unmixed since air is confined in separate channels 
between the fins passing through the heat exchanger (Incropera and DeWitt, 2002). 
A HP boiler supplies high pressure steam at 65 psig and 312°F to the preheating and 
heating coils, and operates by utilizing the combustion of natural gas to boil water. Figure 3 .1 
is a schematic of the heat exchanger for the interaction between the process air and the coils 
of the preheater and heater. The efficiency of a combustion boiler of the type used in this 
study namely, a fire-tube boiler, generally ranges from 75-86% (ASHRAE Handbook, 2004). 
3.4.2 General Assumptions 
• The coils operate at steady state ( d!cv = O) . 
• Losses through the duct walls are negligible ( Q1oss = 0) . 
• There is no work transfer to the coils ( ~oss =. 0) . 
• Kinetic and potential effects are negligible. 
• There is no elevation change through the coil. 
• The air and steam velocities are constant. 
• Assume that HP boiler steam enters as saturated steam at 65 psig and exits as 
saturated liquid at 65 psig (79.7 psia). Using a saturation pressure and 
temperature of 80 psia and 312°F, respectively, the enthalpy of vaporization is 
hrg=901.4 Btu/lb. 
Ta, in 
( 
Liquid 
P = 65 psig 
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\ 
Air \ 
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Q 
/ Steam 
'--~~~~~~~~~~~~----' 
\ Ta, out 
Vapor 
P = 65 psig 
Figure 3.1 Schematic of Conditions for the Preheating or Heating Coil 
3.4.3 Preheating Coil Assumptions 
• Assume that -20°F air (worst-case. scenario) enters from the outdoors. The 
mass of water vapor in cold air can be neglected since the mass is small, even 
for 100% relative humidity. For example, the humidity ratio for 100% RH and 
-20°F (Pv=0.0062 psia) is: 
w= 0.622 Pvl(P- Pv) = 0.622*0.0062/(14.7-0.0062) = 0.000263 lbvapo/lbair 
• Assume that the exit air temperature is 95°F. 
3.4.4 Heating Coil Assumptions 
• Assume that the air exits the chill water coil at 50°F and 100% relative 
humidity and enters the heating coil. 
• Water vapor in the alf is less than 1 % of the total mass (from the 
psychrometric chart w= 0.0075 lbvaporllbair) and can be neglected. 
3.4.5 Energy Balance 
An energy balance on either the preheating or heating coil, assuming that the heat rate 
leaving the steam is equal to the heat rate entering the process air, is as follows: 
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----9C. = Q-W +Im; h; +-'-+ gz; - Ime he +-e-+ gze dE . . ( v2 J ( v2 J 
dt ; 2 e 2 
(3.1) 
Applying the assumptions listed in Section 3.4.2: 
(3.2) 
Therefore, the heat leaving the steam equals the heat entering the air as follows: 
. . 
Qsteam( out) = Q process·air(in) (3.3) 
As was verified in Section 3.3, condensate subcooling can be neglected since latent heat is 
much greater than sensible heat. Further assuming that the air behaves as an ideal gas where 
(3.4) 
Rearranging to solve for the boiler mass flow rate: 
(3.5) 
Assuming hrg = 901.4 Btu/lb, Equation 3.5 can be used to determine the flow rate of 
HP boiler steam required to obtain the coil outlet temperature for any given coil inlet 
temperature. Equation 3.5 can be used for either preheating or heating coil calculations. 
3.5 Humidifier 
3.5.1 Description 
The type of humidifier used in this study is a direct steam injection humidifier, which 
can cover a wide range of designs and capacities. For a direct steam humidifier, 
humidification is simplified in that water vapor under pressure and high temperature is added 
directly into the air stream. This method of humidification is an isothermal process because 
the temperature of the air remains almost constant as the moisture is added to the air 
(ASHRAE Handbook, 2004). For this type of humidifier, clean steam is supplied by either a 
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three-pass, firebox type clean-steam boiler (75-86% efficient) or a clean-steam electric boiler 
(92-96% efficient) (ASHRAE Handbook, 2004). When steam is supplied to a source at a 
constant supply pressure, humidification responds quickly to steam demand by a control 
valve modulating in response to humidity sensors. Humidifiers must be installed in a location 
where air can absorb the water vapor before the water vapor comes in contact with other 
components in the air stream (e.g. cooling coils). The absorption distance varies depending 
on the design of the humidifier distribution device and the air conditions within the duct 
(ASHRAE Handbook, 2003). 
3.5.2 Energy Balance 
The clean-steam flow rate is based on solving the conservation of mass for water 
vapor in the moist air. Since the entering mass is equal to the exiting mass, the result is: 
m +m =m v;,, cstm V0ur 
and rearranging to solve for the mass flow rate of clean steam: 
The flow rates of the water vapor in the moist air are found by introducing the definition of 
humidity ratio into the above equation, as follows: 
(3.6) 
Based on a mass balance, the rate of change in water vapor is equal to the injected mass flow 
rate of clean-steam. Equation 3.6 can be used to determine the clean-steam flow rate for any 
humidity ratio specified at the humidifier outlet, if the entering humidity ratio (i.e., outdoor 
air) is known. 
3.6 Cooling Coil 
3.6.1 Description 
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The type of heat exchanger used in cooling the process air is a shell-in-tube heat 
exchanger which is the same as mentioned previously for the heating coils. The main 
difference is that chilled water flows through the tubes (instead of steam), while air is forced 
across finned-tube bundles. This type of flow is considered unmixed since air is confined in 
separate channels between the fins passing through the heat exchanger (ASHRAE Handbook, 
2004). 
A liquid chiller supplies the cooling coil with chilled water. Figure 3.2 is a schematic 
of the heat exchanger for the interaction between the process air and the cooling coils. In a 
chiller, water enters the cooler and is chilled by liquid refrigerant evaporating at a lower 
temperature. The refrigerant vaporizes and is drawn into the compressor, which increases the 
pressure and temperature of the refrigerant vapor so that the refrigerant may condense at a 
higher temperature in the condenser. The condensed liquid refrigerant is then subcooled back 
to the saturation temperature before flowing to the evaporator through an expansion device 
(ASHRAE Handbook, 2004). 
3.6.2 Assumptions 
• The coils operate at steady state ( d!cv = O) . 
• Losses through the duct walls are negligible ( Q10ss = 0) . 
• There is no work transfer to the coils ( TYioss = 0) . 
• Kinetic and potential effects are negligible. 
• There is no elevation change through the coil. 
• The air and steam velocities are constant. 
• Dew-point temperature entering the cooling coil is above 50°F 
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T(dp) > 50°F T (dp) = 50°F 
Ta, in ' Air . 
Q 
\ 
-....-.+-~1 Ta, out / 
condensate 
Tw, out f--:---i'"-+-1- Chilled Water \ \ Tw, in 
Figure 3.2 Schematic of Conditions for the Cooling Coil 
3.6.3 Energy Balance 
An energy balance on the cooling coil can be used to calculate the energy per unit time (i.e., 
Btu/hr) required to cool and humidify the process air from the entering state to the exiting 
state. Referring to the general equation (3.1) and applying the assumptions of Section 3.6.2, 
the energy balance for the chilled water reduces to: 
(3.7) 
The energy balance for the air reduces to: 
(3.8) 
The second term on the right side of Equation 3.8, ( rizw •h1 ), represents the energy removed 
by the condensate being drained from the coil. This condensate energy is generally small and 
can be neglected. The result is: 
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Even though the enthalpy change of the moist air( h;n -hour) is in units of Btu per 
pound mass of dry air, the equation still accounts for the energy (Btu) in both the dry air and 
water vapor. This moist air enthalpy can be taken directly from the psychrometric chart 
(Olivieri and Singh, 1996) or can be calculated if the moist air state is not on the chart 
(Moran and Shapiro, 2000), as is the case for high temperatures and humidities. Moist air 
enthalpy is defined as follows: 
h = h + OJ•h a g 
The calculation can be simplified by taking the humidity difference between the inlet and 
outlet, and then combining terms as follows: 
!ih = h. -h = (h -h )+(w. ·h -OJ ·h ) m out G;11 a out zn gi,, out gour 
Assuming the air is an ideal gas results in: 
!ih = C ·(T -T )+(w. •h (T )-OJ •h (T )) 
Pair m out m g;11 m out gout out 
which can then be substituted into the energy equation resulting in: 
(3.9) 
Equation 3.9 indicates that the cooling coil is a function of cooling and 
dehumidifying. The first term on the right side of the equation is sensible heat transfer (i.e., 
cooling) while the second term is latent heat transfer (i.e., dehumidifying), that is: 
Q = sensible heat + latent heat 
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Chapter 4 Unit Production Cost for Conditioning Process Air 
4.1 HP Boiler Steam Production Cost (Natural Gas) 
4.1.1 Operating Conditions 
The HP boiler produces steam at 60-70 psig (i.e., about 80 psia) at a rated capacity of 
4,112 lb/hr. Since this steam is produced by the thermal energy from the combustion of 
natural gas, determining both the amount and the cost of the natural gas required to produce 
each pound of high-pressure steam is necessary. This unit cost per mass ($/lbsteam) for steam 
can then be used to determine the cost per hour ($/hr) to supply the required amount of high-
pressure steam to each component in the process-air system (e.g. clean-steam boiler, 
preheating coil and the heating coil) for each of the three different humidification 
approaches, namely the present approach, Plan A, and Plan B. 
Not all of the thermal energy available from the combustion of the natural gas (i.e., 
therms) is transferred to the high-pressure steam because of the boiler efficiency and because 
of heat losses in the various steam pipes leading to and from the components being supplied. 
For the purpose of this analysis, an assumption that 70% of the available thermal energy in 
the combustion of natural gas is used to produce steam. This 70% value is based on 80% 
boiler efficiency (average for the range of boiler efficiencies mentioned above in 3.5.1) and 
on an estimated 10% heat losses from pipes. 
4.1.2 Cost per Unit Energy 
The energy available in natural gas is measured in "therms," with one therm equal to 
100 ft3 of natural gas at standard pressure and temperature conditions. Even though natural 
gas is mostly methane (CH4), typically there are other gas components and therefore, a given 
volume or mass of natural gas can release varying amounts of thermal energy during 
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combustion. However, on average each cubic foot of natural gas releases 1000 Btu of thermal 
energy during combustion. Therefore, the conversion from therms to units of Btu is: 
Btu = 100 ft 3 • 1 OOOBtu = l OO OOO Btu 
3 ' therm therm ft therm 
Natural gas pricing is typically provided in units of dollars per therm with year-to-
year price variations occurring, along with geographical and seasonal price fluctuations. A 
typical present-day price of natural gas is $1.00/therm. Based on the above assumptions, the 
cost ($) per unit thermal energy (Btu) available from natural gas is: 
cost $1.00 therm 
---=--·,----
energy therm 100, OOOBtu 
cost 
--= $1.00 per 100,000 Btu available from combustion 
energy 
Based on a total efficiency of 70%, the cost per unit energy ($/Btu) transferred to the steam 
1s: 
cost $1.00 $1.00 $1.43 
---=------=-----=-----
energy 0.7•100, OOO(Btu) 70, OOO(Btu) 100, OOO(Btu) 
cost 
:. =$1.43 per 100,000Btu transferred to steam 
energy 
This cost per unit energy transferred from high-pressure steam to each component 
($/Btu) can then be used to determine the operating cost per unit time ($/hr) for each 
component. However, the thermal energy (Btu) required to produce a unit mass of steam (lb) 
must first be determined as described below. 
4.1.3 Energy to Produce a Unit Mass of Steam 
An energy balance on the HP boiler steam is used to determine the energy (Btu) 
needed to produce a unit mass (lb) of steam. The HP boiler is assumed to operate at 65 psig 
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(80 psia), which corresponds at a saturation temperature of about 312°F. The boiler output is 
the mass flow rate (lb/hr) of saturated steam at 312°F, while the input to the boiler is the 
thermal energy rate (Btu/hr) from the combustion of natural gas, after accounting for the 
boiler efficiency and losses in the pipes (as discussed in the previous section). 
The condensate returning from each component supplied by the HP boiler steam must 
be reheated to the boiler saturation temperature before the water can boil to form steam. This 
condensate returning to the HP boiler is subcooled water because of heat removed in the 
component heat exchangers, however, the amount of subcooling varies considerably with the 
operating conditions, pressure, and application of each component. Fortunately, the 
calculation of the energy (Btu) required to produce a unit mass (lb) of steam in the boiler is 
not dependent on the amount of subcooling in the condensate return. The reason that the 
energy calculation is independent of subcooling is that most of the energy into the boiler is 
used to boil water (i.e., latent heat) rather than heating subcooled condensate to the saturation 
temperature (i.e., sensible heat). In other words, latent heat requirements to transform water 
from a liquid to a vapor are significantly larger than sensible heat requirements to heat water 
to a saturated subcooled state. 
To verify the above assumption, the ratio of latent-to-sensible heat is determined 
below for boiling water at a saturation temperature of 312°F (i.e., approximately 80 psia) and 
for heating condensate return from an assumed temperature of 270°F to the 312°F saturation 
temperature, which corresponds to 42°F subcooling. For example, the ratio of latent heat to 
sensible heat is: 
901.4 Btu 
Qlatent - m•hfg(312'F) = lb . = 21 
Qsensible m ( hf3t2"F - hf21o·F) (282.2 - 239 .0) Btu 
lb 
The previous example, which represents typical conditions for steam systems, shows 
that the latent heat is 21 times larger than the sensible heat, thus the sensible heat is only 
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about 5% of the latent heat. Based on the above analyses, the subcooling of the condensate 
returning from the different components can be neglected when determining the energy 
required to produce high-pressure steam in the HP boiler. 
An energy balance on the HP boiler results in the following equation: 
(4.1) 
Rearranging Equation 4.1, the thermal energy to produce a unit mass of high-pressure steam 
can be determined as follows: 
energy = Q,, (Tr L h 
mass m ( lbstm ) Jg 
stm hr 
... energy = 90 l .4 Btu 
mass lb steam 
Using standard steam tables, the result is that 901.4 Btu of thermal energy is required 
to produce one pound mass of high-pressure steam, assuming that the sensible heat of the 
condensate return is neglected. 
4.1.4 Cost per Unit Mass 
The cost per unit mass of steam ($/lb) is found by combining the results from the 
above calculations as follows: 
cost = cost • energy $1.43 •901.4 Btu= $0.0129 
mass energy mass 100, OOOBtu lb lbsteam 
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This cost per unit mass of steam, namely $0.0129 per lbsteam, will be used throughout 
this study to determine the hourly cost of supplying HP boiler steam to the various heat 
exchangers (i.e., preheating coil, heating coil and the clean-steam boiler). For example, if 100 
lb/hr of high-pressure steam is supplied to a component for a particular operation, then the 
cost of natural gas to produce this flow rate of high-pressure steam is $1.29 per hour. 
4.2 Clean Steam Production Cost (Natural Gas and Electrical) 
4.2.1 Comparison of Different Clean Steam Production Methods 
Clean steam for humidifying the process air can be generated by using two different 
heat sources. The first heat source is from high-pressure steam supplied by the HP boiler, 
which receives thermal energy from the combustion of natural gas. The second heat source is 
electrical energy supplied to an electrical boiler. Comparing the operation cost of the 
electrical boiler and the HP steam boiler may provide the information and motivation to 
modify the existing system so that one of the two methods is used. 
4.2.2 Clean Steam for Humidification 
The amount of clean steam required to humidify the fluidized bed process air is 
dependent on both the humidity set point at the humidifier exit (i.e., dew-point temperature) 
and the humidity at the inlet. The humidity ratio at the humidifier inlet is the same as that of 
the outdoor air, since the absolute humidity or humidity ratio does not change in the steam 
preheater. The humidity set point at the humidifier exit is a dew-point temperature of either 
50°F or 59°F depending on the humidification approach used to condition the fluidized bed 
process air. 
Humidification by using clean-steam assumes that the dew-point temperature of the 
outdoor air is less than 59°F. However, if the outdoor dew-point temperature is higher than 
59°F, then only dehumidification rather than humidification is required. For this case, the 
clean-steam boilers (both the electrical and HP steam units) are left operational, but the 
clean-steam load is zero. The change in humidity ratio through the humidifier, and thus the 
clean-steam required for humidification, is not dependent on the air temperature where the 
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humidification process takes place, either 95°F for the present approach and Plan B or 60°F 
for Plan A. 
4.2.3 Energy to Produce a Unit Mass of Clean Steam 
Both the HP boiler load and the electrical power required to produce clean steam is 
calculated and compared for the three different humidification methods, namely the present 
approach, Plan A and Plan B. The energy required to produce a unit mass of clean-steam is 
independent of the energy source, either natural gas or electricity, and is determined by 
performing an energy balance on the clean-steam boiler. This energy balance assumes that 
the incoming clean water enters as a subcooled liquid at 45°F and then exits as saturated 
vapor at 240°F. The high-pressure steam from the HP boiler is assumed to enter as saturated 
vapor at 65 psig (3 l2°F and 80 psia) and then exit as saturated liquid at the same pressure. 
The enthalpies for the conditions are taken from standard steam tables (Moran and Shapiro, 
2000). 
Based on an energy balance on the clean steam, the energy to produce a unit mass of 
clean steam is: 
Qn = (hf(240°F) - hf(45°F)) + hfg(240°F) 
Q. = [(208.4-13.04) Btu +952.3Btu]=1147.6 Btu 
In lb lb lb 
cstm 
(4.2) 
4.2.4 Natural Gas Cost per Unit Mass 
The combustion of natural gas produces HP boiler steam to make clean steam. The 
heat rate out of the high-pressure system is: 
Q -m ·h out - boiler fg(312° F) 
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Using enthalpy of vaporization for HP boiler steam from the steam tables, 
h 0 = 901.4 Btu . Then the heat rate supplied by the HP boiler steam is: 
fg(312 F) fb 
boiler 
. . Btu 
Qout = mboiler ·901.4--
lbboiler 
(4.3) 
By performing an overall energy balance, Equation 4.2 can now be used to calculate 
the required flow rate of HP boiler steam needed to produce a given clean-steam flow rate as 
follows: 
(4.4) 
where 
Q. = . •Q, = . •1147 6 Btu in mcstm in mcstm . 
fbcstm 
(4.5) 
Substituting Eq.4.3 and Eq. 4.5 into Eq. 4.4 yields: 
m . ·901.4 Btu = m ·1147.6• Btu 
boiler f b . cstm f b 
boiler cstm 
so that rearranging terms results in: 
1147.6 Btu 
. fbcstm . 1 273 . 
mboiler = 901.4 Btu •mcstm = · mcstm 
(4.6) 
fbboiler 
Equation 4.6 can now be arranged to find the mass of HP boiler steam per unit mass of clean-
steam as follows: 
which are the same mass ratios as: 
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. lb boiler 
mboiler = 1 273_hL_ 
. . lb 
mcstm cstm 
hr 
mboi/er = 1.273 lbboiler 
mcstm lbcstm 
The cost per unit mass of clean steam produced by using HP boiler steam can be 
determined by using the cost per unit mass of high-pressure steam, $0.0129/lb, calculated 
earlier. Therefore, the cost for producing clean steam is: 
cost = $0.0129 .1.273/bboiler = $0.0164 
mass lb boiler lbcstm lbcstm 
4.2.5 Electrical Cost per Unit Mass 
The operation of the clean-steam electrical boiler is based on supplying electrical 
energy that is then converted to thermal energy (resistance heating), which is in tum 
transferred to the water as both sensible heat (i.e., temperature increases in liquid only) and 
as latent heat (i.e., liquid is transformed to vapor). Since the electric boiler is located next to 
the humidifier (i.e., pipe losses are negligible) and the efficiency to convert electricity to heat 
is typically assumed to be 100%, the electric boiler is assumed to be 100% efficient for this 
analysis. The electrical cost to produce a unit mass of clean steam is found by assuming an 
electrical rate of $0.065 per kW-hr. Recall that the energy (kW-hr or Btu) required to 
produce a unit mass of clean steam (lbcstm) is 1147.6 Btu/lbcstm, as determined in Section 
4.2.3. Therefore, the cost per unit mass is: 
cost = $0.065 •1147_6 Btu. kW -hr = $0.0219 
mass kW - hr lbcstm 34 l3Btu lbcstm 
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4.2.6 Energy Source Cost Comparison 
Comparing the clean-steam production methods discussed in Sections 4.2.4 and 4.2.5, 
the cost to produce a lbmass of clean steam is $0.0164 by using natural gas and $0.0219 by 
using electrical power. There is a 25% cost savings when an electrical boiler is replaced with 
a steam boiler. 
4.3 Chilled Water Production Cost (Electrical) 
4.3.1 Operating Conditions 
The cost of producing chilled water is based on purchasing electricity (kW·hr) to 
operate the R-22 water chillers, which transfer energy (Btu) from the process air to the 
chilled water and then to the outdoors. The equation to calculate the cost per unit cooling 
energy transferred ($/Btu) is developed in this section and is used to determine the operating 
costs for various outdoor conditions in Sections 5.3 and 5.4 in order to perform cost 
comparisons for the three different humidification approaches. 
The water chillers operate to supply chilled water at 40°F when the outdoor air 
temperature is too high to operate the outdoor dry coolers. The outdoor dry coolers are water-
to-air coils that transfer energy directly from the chilled water to the colder outdoor air. 
Specifically, the outdoor air temperature (i.e., heat sink) must be more than 10°F below the 
40°F chilled water temperature (i.e., the outdoor temperature must be less than 30°F) before 
the temperature difference is significant enough to use the outdoor dry coolers. Therefore, the 
water-chiller operates throughout the summer season and during parts of the spring and fall 
seasons, supplying either all or part of the chilled water load. The part-load situation occurs 
at temperatures near 30°F, or slightly below the 40°F chilled water temperature, when the dry 
coolers operate in tandem with the water chiller. In this case, the electrical energy costs can 
be offset with the outdoor dry coolers satisfying part of the cooling load. 
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4.3.2 Cost Overview 
Presently, the process air is cooled by chilled water to a 50°F dew-point temperature, 
with the air entering the cooling coil at the humidifier exit condition of 95°F. Since 
humidification is approximately an isothermal process, the temperature of 95°F is also the 
exit temperature of the preheating coil. The preheating coil heats process air to 95°F, 
however the dew-point temperature entering the cooling coil is 59°F if humidification is 
required, or even higher (i.e., same as the outdoors) if no humidification is required. As was 
shown previously, a 50°F dew-point temperature exiting the cooling coil fixes the humidity 
ratio at a value of 0.0076 lbv/lba (refer to Section 3.2), regardless of the subsequent heating 
that the air undergoes before entering the fluidized bed. 
In an effort to reduce cooling costs, Plan A proposes to reduce the temperature when 
humidification occurs from 60°F to 95°F. This temperature reduction will reduce the cooling 
energy needed to reach the 50°F dew-point temperature. In addition, Plan B can possibly 
reduce cooling costs even more when the outdoor dew-point temperature is less than 50°F 
because this eliminates the process of excess heating followed by cooling to a 50°F dew-
point temperature. Specifically, when the outdoor dew-point temperature is less than 50°F, 
then the fluidized bed inlet humidity in Plan B is set by water vapor addition rather than 
dehumidification. However, when the outdoor air has a dew-point temperature of 50°F or 
greater, Plan B still requires both cooling and dehumidifying of air. 
4.3.3 Coefficient of Performance- COP 
The first step in determining the cost of producing chilled water with the water chiller 
is to define the coefficient of performance (COP) as follows: 
COP = useful = Cooling Capacity = Q 
cost Compressor Power W 
(4.7) 
Equation 4.7 is a function of the outdoor temperature as can be seen in the following 
equation, which can be used to calculate Carnot COP (i.e., maximum COP), 
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(4.8) 
where Tc and T 8 represent the chilled water temperature (e.g. 40°F) and the outdoor 
temperature, respectively. These temperatures must be specified in absolute units such as 0R 
orK. 
To demonstrate the effects of outdoor temperature on COP, the Carnot COP is 
calculated at several different outdoor temperatures assuming a fixed chilled water 
temperature of 40°F. For example, at an outdoor temperature of 95°F, the Carnot COP is, 
COP = (40° F+460)0 R = 9.l 
Carnot ( 95 _ 40) 0 R 
while at an outdoor temperature of70°F, the Carnot COP is: 
COP = (40o F+460)o R =16.7 
Carnot ( 70 _ 40) 0 R 
Since the calculated COPs are for a Carnot refrigeration cycle and represent the 
maximum efficiency, they cannot be used to calculate actual costs. However, the Carnot 
COPs demonstrate that the cost of producing chilled water almost doubles (i.e., increases by 
a factor of 1.8) as the outdoor temperature increases from 70°F to 95°F. A complete cost 
analysis of operating the water chiller over the whole range of COPs based on seasonal 
temperature variations is presented later in Section 6.1.3. 
The actual COP of the water chillers was determined by using two methods. The use 
of two methods was necessary because the manufacturer's performance data did not provide 
COPs over the full range of outdoor temperatures expected for water-chiller operations. In 
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both COP approaches, knowledge of the chilled-water temperature was required. The cooling 
coils located in the process-air system were originally sized based on a 40°F chilled water 
design temperature, however, inspections of operating chilled water equipment have shown 
temperatures routinely in the 42°F to 43°F range. For the purpose of the calculations 
performed herein, a 40°F temperature was selected for the chilled-water supply. A 
description of the two methods for determining the water-chiller COP is presented next. 
Method 1: York Water Chiller 
York water chiller equipment has corresponding tables of COP for equipment similar 
to that installed (York, 2004). These tables show that the water chiller COP is a: strong 
function of condenser air temperature and chilled-water temperature, but only a weak 
function of equipment type. For example, at a chilled water temperature of 41°F (5°C), the 
COP is 2.8 for an outdoor air temperature of 95°F (35°C) and 3.3 for a temperature of 86°F 
(30°C). The performance tables from the manufacturer do not show COP values for outdoor 
temperatures lower than 77°F (25°C), which has a COP of 3.9. However, the water chillers 
can be expected to operate at lower outdoor temperatures of 30°F, where the COP could be 
significantly larger than the lowest COP value available from the manufacturer, namely a 
COP of 3.9 at 77°F. As noted before, the water chiller can be shut off at outdoor temperatures 
below 30°F because the outdoor dry coolers can satisfy the chilled water load. 
Method 2: Carnot COP and Refrigeration Efficiency 
The second method of determining actual COP is based on calculating the Carnot 
COP (maximum) and then specifying refrigeration efficiency (Moran and Shapiro, 2000) 
defined as: 
so that the actual COP is: 
CQP,,ctual 
17R = CO'P 
Carnot 
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and thus: 
The equation can be used to calculate actual COP at any outdoor temperature if the 
refrigeration efficiency is known. Refrigeration efficiency for the water chiller is found by 
using COP data for York water chillers (York, 2004) at least over the limited range of 
outdoor temperatures available. The results are shown in Table 4.1. 
Table 4.1 COP and Refrigeration Efficiency for York Water Chillers (York, 2004) 
Outdoor 
Chill 
Temp Water 
COP COP Refrigeration 
Temp (actual} (Carnot) Efficiency (oC) (oC) 
25 5 3.8 13.9 0.28 
30 5 3.3 11.1 0.3 
35 5 2.8 9.3 0.3 
40 5 2.3 7.9 0.29 
45 5 2 7 0.29 
50 5 1.8 6.2 0.29 
Since a refrigeration efficiency is approximately 30% for the water chiller data in 
Table 4.1 over the 25°C to 50°C outdoor temperature range, this same efficiency is used for 
the full water chiller operating range, down to a low temperature of around 0°C. 
4.3.4 Cost per Unit Cooling Energy 
The actual COP of the water chiller can now be used to determine the electrical cost 
to cool process air in the cooling coil. From the definition of actual COP, the electrical power 
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(kW) required to transfer a unit of cooling capacity (kW) can be found by using the definition 
of COP as follows: 
and then rearranging: 
COP= cooling capacity (kW) 
electrical power in (kW) 
electrical power in (kW) 1 
= 
cooling capacity (kW) COP 
(4.9) 
For a one-hour period, Equation 4.9 can be converted from a power equation (kW) to 
an energy equation (kW-hr or Btu), which is a necessary step in order to determine a cost per 
unit energy ($/Btu) for cooling the process air. The result is: 
electrical energy (kW•hr) 1 
= 
cooling energy (kW·hr) COP 
(4.10) 
Energy transfer in a cooling coil is normally specified in units of "Btu." Equation 4.10 can be 
converted as follows: 
electrical energy in (kW •hr) kW •hr 
~~~~~~~~~~=~~~~~ 
cooling capacity (Btu) COP·3413Btu 
In order to determine the cost of electrical energy ($)per unit energy transfer (Btu), 
an electrical rate must be specified. However, electrical rates can vary from year-to-year and 
also with seasons and geographical locations. A typical present-day price for electrical 
energy is $0.065 per kW-hr. Based on the above assumptions, the cost per unit cooling 
energy is: 
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kW -hr• $0.065 
_c_o_st_ = ---""""'k-'--'-W_-----'-'-h'-r _ $1.00 = ___ $_1_.9_1 _ _ 
COP·3413(Btu) 52,500(Btu)•COP 100,000(Btu)•COP 
(4.11) 
energy 
Calculating the actual cooling cost by using Equation 4.11 reqmres the cooling 
energy (Btu) transferred in the cooling coil and a value for COP. The cooling energy 
transferred to the chilled water is determined by performing an energy balance on the process 
air, which in tum requires the cooling coil inlet and exit conditions. The water chiller COP is 
a function of the equipment and outdoor air temperature as discussed in Section 4.3.3. 
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Chapter 5 Cost Analysis for Worst-Case Scenario 
5 .1 Maximum Preheating and Heating Demand 
5 .1.1 Maximum Preheating Coil Cost 
The amount and cost of HP boiler steam that is required to preheat the process air in 
the steam preheating coil prior to humidification was determined for all three humidification 
approaches. For each of the three different humidification approaches, the worst-case 
scenario is analyzed by assuming that -20°F outside air enters the coil at a mass flow rate of 
30,285 lb/hr (i.e., 7500 cfm measured at 130°F). Even though the process air may contain 
water vapor, the effects of water vapor can be neglected during heating since the mass of 
water is small and no phase change occurs. The high-pressure steam from the HP boiler is 
assumed to enter the preheat coil as saturated steam at 65 psig (i.e., 80 psia) and exit as a 
saturated liquid at this same pressure. Using steam tables, the enthalpy of vaporization, hrg, of 
the high-pressure steam is 901.4 Btu/lb at the saturation pressure of 80 psia (these values 
were used earlier during the analysis of the clean-steam boiler.in Section 4.1.3). 
Present Approach and Plan B (humidification at 95°F) 
For both of these approaches, the process air enters the preheater from the outdoors at 
-20°F, and is then heated to 95°F in preparation for humidification. The resulting mass 
flow rate of HP boiler steam is: 
hfg 
30,285 lb ·0.24 Btu ·(95-(-20))° F 
m . = hr Ibo R = 927 !!!._ 
boiler Btu h 
901.4- r 
(5.1) 
lb 
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The natural gas cost per unit time is based on multiplying the mass flow rate of steam 
by the unit cost for producing high-pressure steam, which was determined in Section 
4.2.4 to be $0.0129/lbsteam as follows: 
cost $0.0129 927/b $11.96 
= ·--=---
time hr hr 
Plan A (humidification at 60°F) 
Plan A preheats air from -20°F to only 60°F, rather than 95°F as in the other two 
approaches. The mass flow rate of the HP boiler steam is: 
mboiler = 
30, 285 lb •0.24 Btu ·( 60- (-20)) ° F 
hr lb0 R = 645~ 
901.4 Btu hr 
lb 
As calculated before, the natural gas cost per unit time for humidification at 60°F is: 
cost $0.0129 645/b $8.32 
= ·--=--
time hr hr 
A comparison of the three approaches shows that humidification at 60°F rather than 
95°F would reduce the cost of natural gas per unit time for preheating process air from 
$11.96/hr to $8.32/hr for a 30% savings. 
5 .1.2 Maximum Heating Coil Cost 
The amount and cost of HP boiler steam used in the heating coils is determined and 
compared when process air enters at either the cooling-coil exit temperature of 50°F (as in the 
present approach, Plan A, and June-September for Plan B) or at the humidifier exit 
temperature of 95°F (as in October-May for Plan B). In both cases, the air is heated to the 
fluidized bed inlet temperature of about 130°F. The general assumptions presented in the 
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previous section regarding flow rates, the state of the high-pressure steam and the treatment 
of moist air in the preheating coil, also apply here for the heating coil. 
Present Approach and Plan A (Heater Inlet at 50°F) 
For both of these approaches, the fluid exiting the cooling coil at 50°F is heated to the 
required fluidized bed inlet temperature of about 130°F. The steam mass flow rate is: 
m -boiler -
30,285~•0.24 Btu ·(130-50)° F 
hr lb0 R = 645~ 
901.4 Btu hr 
lb 
Using the same approach in Section 5.1.1, the natural gas cost per unit time for 
heating process air from 50°F to 130°F is determined as follows: 
cost $0.0129 645lb $8.32 
= ·--=--
time hr hr 
Plan B (Heater inlet at 95°F) 
As discussed earlier, this approach is based on humidifying 95°F air to the required 
50°F dew-point temperature directly, rather than cooling the air to a 50°F dew-point 
temperature. Therefore, in Plan B, the process air entering the steam heating coil is 
heated from 95°F to l 30°F and the steam mass flow rate is: 
mboiler = 
30,285 lb •0.24 Btu ·(130-95)° F 
hr lb0 R = 282~ 
901.4 Btu hr 
lb 
The natural gas cost per unit time is: 
cost $0.0129 282lb $3.64 
= ·--=--
time hr hr 
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A comparison of the three approaches shows that the natural gas cost for operating 
the heating coil is significantly reduced in Plan B if the 50°F dew-point temperature is 
achieved directly rather than by controlling the cooling-coil exit temperature to 50°F, as in 
the other two approaches. Specifically, the natural gas cost per unit time is reduced from 
$8.32/hr to $3.64/hr for a 56.3% savings for the months when the outdoor dew-point 
temperature is lower than 50°F. 
5.2 Maximum Humidification Demand 
5.2.1 Overview 
The maximum clean-steam flow rate for humidification occurs in winter conditions 
because the outdoor cold air cannot "hold" as much water vapor as outdoor warm air. 
Specifically, the humidity ratio is significantly lower when the outdoor air is colder. For 
example, as demonstrated in Section 3.3, the humidity ratio at a temperature of -20°F and 
100% relative humidity is typically 0.000262 lbvllba, which is only 3% of the 0.0076 lbvllba 
humidity ratio required at the inlet to the fluidized bed. 
5.2.2 Maximum Clean Steam Demand 
The maximum flow rate of clean steam (ms) required to humidify outdoor air at 
-20°F and 100% relative humidity is determined next for the two different humidification 
levels, namely a 50°F dew-point temperature (i.e., Plan B) and a 59°F dew-point temperature 
(i.e., Present Approach and Plan A). In both cases, the dry air mass flow rate of process air is 
assumed to be 30,285 lbalhr based on 7500 cfm at 130°F. 
Dew-point temperature of 50°F (Plan B) 
The change in humidity ratio (~m) through the humidifier can be determined by 
taking the difference between the humidity ratio at the inlet and exit of the humidifier. 
The humidity ratio at the inlet of the humidifier for outdoor air at -20°F and 100% 
relative humidity was calculated previously as w= 0.000262 lbvllba. The humidity 
ratio corresponding to a 50°F dew-point temperature at the exit of the humidifier is 
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w= 0.0076 lbvllba. The change in humidity ratio through the humidifier is therefore 
~co= 0.00734 lbv/lba. 
The clean-steam flow rate to get a 50°F dew-point temperature can be determined as 
follows: 
mcstm = 30, 285 Iba ·0.00734 lbv = 222 1bv 
hr Iba hr 
(5.2) 
Dew-point temperature of 59°F (Plan A and Present Approach) 
The humidity ratio that corresponds to a 59°F dew-point temperature at the exit of the 
humidifier is determined by using the actual vapor pressure where 
Pv = ~a1 (59° F) = 0.2475psia and the relationship for humidity ratio as follows: 
p 
a>2 = 0.622• vZ 
P-P,,2 
lVz = 0.622• 0.2475 psia = 0.0107 lbv 
(l4.7-0.2475)psia 2 Iba 
The change in humidity ratio through the humidifier is then: 
~m = w2 - m1 
~lV = 0.0107 lbv -0.000262 lbv = 0.0104 lbv 
Iba Iba Iba 
The clean-steam flow rate is calculated by using the same procedure as before and the 
result is: 
=~m·ma =0.0l04 lbv.30,2s5 1ba =315lbv 
mcstm Iba hr hr 
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Comparing the clean-steam flow rates based on Plan B and present approach/Plan A, the 
higher of the two values, namely 315 lb/hr compared to 222 lb/hr, represents both a higher 
dew-point temperature (59°F compared to 50°F) and a larger humidity ratio, and thus more 
water vapor being added to the air. 
The clean-steam flow rates are needed to determine both the cost of operation and the 
HP boiler capacity required to make clean steam in the fluidized bed 1 clean-steam boiler. 
Once these values are calculated, then the three different humidification approaches can be 
compared, along with the two different methods of making clean steam, namely by the 
electrical boiler and by the high-pressure steam boiler (refer to Section 2.2.1 ). 
5.2.3 Energy Rate for Maximum Clean Steam Demand 
The clean-steam flow rates can be used to determine the maximum rate at which 
energy needs to be supplied to the clean steam boiler in order to produce clean steam. The 
cost to supply this maximum energy rate by either HP boiler steam (i.e., natural gas) or 
electricity will be determined in the next section. 
The energy rate calculations are performed next for the two levels of humidification 
being compared in this study, namely dew-point temperatures of 50°F and 59°F. 
Dew-point temperature of 50°F (Plan B) 
From Equations 4.5 and 5.2, the heat rate into the clean steam for a 50°F dew-point 
temperature is: 
Q = 222!!·(1147.6 Btu)= 254,800 Btu 
hr lb hr 
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Dew-point temperature of 59°F (Present Approach and Plan A) 
Using Equations 4.5 and 5.2, the heat rate into the clean steam for a 59°F dew-point 
temperature is: 
Q = 315!!!._(1147.6 Btu)= 361, 500 Btu 
hr lb hr 
5.2.4 Maximum HP Boiler Steam Cost 
The costs of producing clean steam by using both natural gas (via the HP boiler 
' 
steam) and electrical power are determined and compared on an hourly basis for this worst-
case scenario. The flow rate of clean-steam to achieve dew-point temperatures at the 
humidifier exit of 59°F and 50°F (Section 5 .2.2) was determined to be 315 lb/hr and 222 
lb/hr, respectively. As discussed, these two clean-steam flow rates assume that the humidity 
ratio of the air entering the humidifier corresponds to an outside air condition of -20°F and 
100% relative humidity. 
The hourly operating cost for producing clean steam by using high-pressure steam 
from the HP boiler can be determined for the three different humidification approaches. This 
cost analysis requires the cost per unit mass for producing HP boiler steam, which was 
determined in Section 4.1.4 to be $0.0129/lbsteam· 
Dew-point temperature of 59°F (Present Approach and Plan A) 
The flow rate of HP boiler steam is: 
mboiler = 
361 500 Btu 
' lb =401~ 
901.4 !!!._ hr 
hr 
Comparing the flow rates, less HP boiler steam (283 lb/hr compared to 401 lb/hr) is 
required to produce less clean steam (222 lb/hr compared to 315 lb/hr). Therefore, 
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humidifying the air at a 50°F dew-point temperature compared to 59°F dew-point temperature 
reduces both the operating costs and the HP boiler load. The importance is that HP boiler 
capacity is no longer limited and can be used for other applications. 
Both the Present Approach and Plan A require 401 lb/hr of HP boiler steam to 
produce 315 lb/hr of clean-steam. The cost of clean-steam production to achieve a 59°F dew-
point temperature using these two methods is: 
cost = 401 ~. $0.0129 ·= $5.17 
hour hr lb hr 
Dew-point temperature of 50°F (Plan B) 
The flow rate of HP boiler steam is: 
m -
boiler -
254 400 Btu 
' lb = 283 .!!!__ 
901 .4 lb hr 
hr 
Plan B requires 283 lb/hr of HP boiler steam to produce 222 lb/hr of clean steam in 
order to achieve a 50°F dew-point temperature. The clean-steam cost is as follows: 
cost = 283~. $0.0129 = $3.65 
hour hr lb hr 
Comparing all three of the humidification approaches, Plan B results in a 70% cost 
reduction compared to the other two approaches since air is humidified to a lower dew-point 
temperature. 
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5.2.5 Maximum Electrical Power Cost 
The energy rate (Btu/hr) required to produce clean steam for both 50°F and 59°F dew-
point temperatures was determined in Section 4.2.5. Also, the same electricity cost that was 
used in the water chiller analysis, namely $0.065 per kW·hr, is used here. The electrical 
boiler analysis assumes negligible heat losses, meaning that all of the electrical energy is 
transferred to the fluid. 
Dew-point temperature of 59°F (Present Approach and Plan A) 
The two methods, Present Approach and Plan A, require 361,500 Btu/hr of energy to 
' 
produce 315 lbvfhr (Section 5.2.3) of clean steam. The operating cost is determined as 
follows: 
$0.065 •361 500 Btu 
coste1ectrica1 kW ·hr ' hr $6.88 
= = 
hr 3413 Btu hr 
kW•hr 
The cost of clean-steam production in the electrical boiler is $6.88 per hour to achieve 
a 59°F dew-point temperature, which can be compared to $5.17 per hour to produce 
clean steam by using the HP boiler steam. 
Dew-point temperature of 50°F (Plan B) 
Plan B requires 254,800 Btu/hr of energy (Section 5.2.3) to produce 222 lb/hr of 
clean steam. The operating cost is: 
$0.065 •254, 800 Btu 
coste1ec1rica1 _ kW •hr hr = $4.85 
hr 3413 Btu hr 
kW•hr 
The cost of clean steam production in the electrical boiler is $4.85 per hour to achieve 
a 50°F dew-point temperature compared to $3.62 per hour to produce clean steam by 
using HP boiler steam. 
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The electrical costs to humidify process air are considerably reduced at lower dew-
point temperatures. Thus, at a dew-point temperature of 50°F, the electrical cost is $4.85/hr 
compared to 59°F at $6.88/hr. 
5.2.6 Electric Boiler Output Based on Rated Power 
The rated power of the electrical clean-steam boiler can be used to determine the 
maximum possible flow rate of clean-steam produced by the boiler. Based on nameplate 
data, the electrical boiler is rated at 480 volts and 230 amps. Knowing that power is voltage 
times current, the resulting power is 110 kW. The maximum boiler capacity (i.e., clean-steam 
flow rate) for the rated power can be determined by using an energy balance as follows: 
which upon rearranging results in: 
Using enthalpies previously presented in this study, the maximum clean-steam flow rate out 
of the electrical boiler is: 
110kW·3413 Btu 
kW•hr = 327 }}}__ mmax = 
[ (208.4-13.04 + 952)] Btu hr 
lb 
The maximum clean-steam flow rate is based on assuming zero heat losses, however 
assuming a heat loss up to 10% may be reasonable. Assuming a 10% loss, the maximum 
clean-steam flow rate is 295 lb/hr. This maximum clean-steam flow is less than that needed 
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to achieve a 59°F dew-point temperature, namely 315 lb/hr. In addition, the 315 lb/hr clean-
steam demand was based on outdoor air at -20°F and 100% relative humidity. If the outdoor 
air was dry, the clean-steam demand would be even higher by the amount calculated, as 
follows: 
11m = 30,285~•0.000262 /bv = 8~ 
hr Iba hr 
Therefore, the clean-steam demand would increase to 323 lb/hr, which exceeds the 
maximum capacity by 9.5%. Consequently, there is a possibility that the demand for clean 
steam could exceed the capacity of the electric boiler by as much as 9.5% for extreme 
outdoor conditions with heat losses of 10%. 
With the electric clean-steam boiler operating at full capacity, the cost of operation is: 
cost = $0.0219 ·323 lbcstm = $7.00 
time lbcstm hr hr 
5.2.7 Cost Comparison of Clean Steam Production 
A cost comparison for clean steam can be made for the two different production 
methods, namely the electric boiler and the high-pressure steam boiler, and for the three 
different humidification approaches. The values shown in Table 5.1 summarize the 
calculations in the previous sections. 
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Table 5.1 Overall Clean Steam Cost Comparison 
Electrical High Pressure 
Boiler Steam Boiler 
($/hr) ($/hr) 
Present Approach 
$6.88 $5.17 (humidification at 95°F to 59°F 
dew-point temperature) 
Plan A 
(humidification at 60°F to 59°F $6.88 $5.17 
dew-point temperature) 
Plan B 
(humidification at 95°F to 50°F $4.82 $3.62 
dew-point temperature) 
The lowest clean-steam cost of $3.62 per hour is for Plan B with the high-pressure 
clean-steam boiler, when humidification to a 50°F dew-point temperature occurs after 
preheating to 95°F. The highest clean-steam cost of $6.88 per hour (which is almost twice as 
expensive as the cheapest approach) is for both the present approach and Plan A using the 
electric boiler, when process air is humidified to a 59°F dew-point temperature after 
preheating to 95°F. 
The most expensive clean-steam production method, which is the electric boiler, is 
presently operational in fluidized bed 2. The other clean-steam production method which is 
presently operating in fluidized bed 1 uses high-pressure steam and is about 25% less costly 
to operate than the electrical boiler approach. Specifically, the present steam boiler operates 
at $5 .17 /hr while the electric boiler operates at $6.88/hr. 
5.3 Maximum Water Chiller Demand 
5.3.1 Overview 
Comparing the cooling costs for the three humidification approaches requires 
operation of the water chiller. As noted previously, the water chiller operates in the warmer 
months only, since the outdoor dry coolers can be used when the outdoor temperature is 
about 10°F less than the 40°F chilled water temperature. 
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A companson of water chiller costs is difficult for warmer months, such as the 
summer, because outdoor air can have a dew-point temperature already higher than 59°F. For 
example, when the outdoor temperature is 72°F and the relative humidity is 68%, then the 
dew-point temperature is 61°F. Since outdoor relative humidities are often greater than 70%, 
then clean-steam humidification is quite often not required in the summer when the chiller is 
operating at its lowest efficiency (i.e., highest cost). Therefore, the existence of this condition 
means that the worst-case scenario of simultaneously operating both the clean-steam 
humidifier and the water chiller is not a commonly occurring situation in summer months. 
The cost of using the water chiller to both cool air and to dehumidify air for the three 
different approaches is determined next for several outdoor air conditions (i.e., temperatures 
and humidities). As noted before in Section 4.3.3, the unit cost of operating the water chiller 
is dependent on the COP, which is in tum dependent on outdoor temperature. 
5 .3 .2 Operating Conditions 
For the case of an outdoor temperature at 95°F and a relative humidity greater than 
22% (which corresponds to a dew-point temperature of 50°F), all three humidification 
approaches have the same cooling load. Therefore, the cost analysis is not performed for 
comparison purposes, but rather as a cost estimate for conditioning the process air. The 
reason that the three approaches have the same cooling load at these conditions is that there is 
no reason to either preheat or humidify the outdoor air, which is how the three approaches 
differ from each other. 
The cost analysis is performed for a relative humidity of 90% (dew-point temperature 
of 92°F) and for a lower relative humidity of 60% (dew-point temperature of 79°F). Based on 
previous calculations, the mass flow rate of process air at 7,500 cfm and 130°F (fluidized bed 
inlet conditions) is 30,285 lb/hr. 
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5 .3 .3 Cost per Unit Cooling Energy for 95°F Outdoor Air 
The cost analysis requires a value for the operating cost ($/Btu) of the water chiller 
for a 95°F outdoor temperature. As noted before, this operating cost is a function of COP and 
outdoor temperature. Based on an evaluation of the water chiller as presented earlier, an 
actual COP of about 3. 0 corresponds to an outdoor temperature of 95°F. The resulting cost of 
electricity($) per unit of cooling energy transferred (Btu) is as follows: 
cost $1.91 $0.64 
---=------=-----
energy 100, OOO(Btu )•3.0 100, OOO(Btu) 
Since the cost per energy ($/Btu) decreases as the outdoor temperature decreases 
below 95°F, the above value represents a worst-cost scenario (i.e., most expensive cooling 
costs). For example, the Carnot COP analysis presented in Section 4.3.3 showed that the 
COP increased by a factor of 1.8 as the outdoor temperature decreased from 95°F to 70°F. 
This increase in COP as the temperature is reduced, based on a Carnot analysis, results in a 
cooling cost reduction from $0.63 to $0.35 per 100,000 Btu at the lower temperature. 
5.3.4 Maximum Water Chiller Cost for 90% Relative Humidity 
The outdoor air condition of 95°F and 90% relative humidity reqmres direct 
calculations of humidity ratio and the enthalpies of the moist air because the condition 
exceeds the range of a psychrometric chart. The humidity ratio of the outdoor air entering the 
cooling coil is: 
Win = 0.622•( pg •</J J = 0.622·( O.S I 65•0.9(psia) J = 0.0327 lbv (5.4) 
P-~·</J (14.7-0.8l65•0.9)pisa Iba 
Using conservation of energy and the exit humidity ratio for the cooling coil of Wout = 0.0076 
lbv/lba results in: 
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• lb 
Qin = 30, 285 hr (sensible heat+ latent heat) 
Q. =30 285!!!__[0.24 Btu •(95-50)°F+0.0327lbv•ll02.9Btu -0.0076lbv•l083.3Btu] 
m ' hr /b0 R Iba lbv Iba lbv 
:.Q·. =l.l7·l06Btu 
m hr 
The results indicate that the latent heat (i.e., 27 .8 Btu/lb) removed from the process air, which 
is associated with dehumidification, is almost a factor of three times greater than the sensible 
heat (i.e., 10.8 Btu/lb), which is associated with a temperature change. 
Using the cost per Btu of cooling, which is $0.64 per 100,000 Btu at 95°F, the water-
chiller cost per unit time is: 
cost $0.64 l.l7•l06(Btu) $7.49 = • = 
time 100, OOO(Btu) hr hr 
The scenario of cooling process air from a starting temperature of 95°F and a relative 
humidity of 90% represents an extreme case and, thus, a maximum cost for operating the 
water chiller. Evidence of this extreme outdoor condition is that the dew-point temperature is 
high and not available on the psychrometric chart. Therefore, this dew-point temperature is 
determined as follows: 
P., =Pg·¢= 0.8l65•0.9(psia) = 0.7349(psia) 
resulting in T P=0.7349 (psia) = 92°F. 
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5.3.5 Maximum Water Chiller Cost for 60% Relative Humidity 
A less extreme scenario for summer operations is a relative humidity of about 60% at 
the same 95°F temperature. For this case, moist air enthalpies and the dew-point temperature 
(i.e., 74°F) can be taken from the psychrometric chart. 
( Btu) hin(95°F,60%) = 46.5 --u; 
( Btu) hout(SO"F,100%) = 20.0 --u; 
so that: 
Q = 30,285~•( 46.5-20) Btu= 8.03•105 Btu 
hr lb hr 
Using the same unit cost as before, the result is: 
cost $0.64 8.03•105 (Btu) $5.14 = • = 
time 100,000(Btu) hr hr 
The above results show that even though the air is being cooled over the same 
temperature range of 95°F to 50°F, operating the water chiller when the outdoor air is more 
humid requires a significantly higher cost, namely $7.49/hr compared to $5.14/hr because of 
an increase in latent heat requirements (i.e., dehumidification). 
5.4 Maximum Water Chiller Demand with Humidification 
5.4.1 Overview 
The three different humidification approaches cannot be compared for the 95°F 
outdoor temperature with relative humidities of 60% to 90%. The reason is that only 
dehumidification is required (i.e., the dew-point temperature for both of these conditions is 
greater than 59°F). Again, this observation is based on the fact that if the outdoor air has a 
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50°F dew-point temperature then the relative humidity is quite low at 22%, (which is dryer 
than typical outside air in the summer). In order to compare the total operating cost for the 
three different humidification approaches (present approach, Plan A and B), a lower outdoor 
temperature must be selected that allows for preheating the process air with HP boiler steam, 
humidification with clean steam and, finally, dehumidifying with chilled water. 
An outdoor temperature below 60°F must be selected to include the Plan A processes 
since the approach heats air only to 60°F while humidifying to a 59°F dew-point temperature. 
Even though the present approach and Plan A start at the same dew-point temperature of 
59°F, the energy removed by the chilled water system would be different for the two cases 
because the cooling coil inlet is at different dry-bulb temperatures, 95°F compared to 60°F. 
The water chiller cost cannot be compared in Plan B, since the air is humidified directly to a 
50°F dew-point temperature without operating the cooling coil to dehumidify air. 
5 .4.2 Operating Conditions 
Even though the cooling rates (Btu/hr) for the cooling coil are independent of outdoor 
temperature when humidification takes place, the cost per unit time is highly dependent on 
the outdoor temperature for two reasons. First, if the outdoor temperature is low enough (e.g. 
below 30°F), then the dry coolers can perform the cooling at a negligible cost, since the only 
expenses will be for fans and pumps to circulate air and chilled water, respectively. Second, 
ifthe outdoor temperature is higher (e.g. greater than 40°F) so that the water chiller operates, 
then the COP decreases as the outdoor temperature increases. 
In order to compare the cost of operating the water chiller for the two humidification 
approaches, namely Plan A and the present approach, a reasonable outdoor condition must be 
selected that requires the operation of both the humidifier and the water chiller to produce the 
59°F and 50°F dew-point temperatures, respectively. As mentioned earlier, Plan B cannot be 
compared here because the 50°F dew-point temperature is achieved by humidifying only, 
without any dehumidification or cooling with chilled water. Another consideration when 
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assuming an outdoor temperature is to perform the cost analysis at worst-cost conditions, 
which corresponds to a maximum outdoor temperature and a minimum COP. 
An outdoor condition that takes into account all of the necessary considerations is 
60°F and 70% relative humidity. The outdoor temperature of 60°F maximizes water chiller 
operational cost by minimizing COP while still ensuring that the Plan A approach of 
humidifying air at 60°F can take place. The 70% relative humidity gives a dew-point 
temperature close to 50°F so that humidification to a 59°F dew-point temperature is still 
required. However, since humidification takes place in all the humidification methods to 
' 
either a 50°F or 59°f dew-point temperature, the water chiller operating costs for the 60°F 
outdoor temperature will be the same for any relative humidity less than 70% (e.g. 69%, 
50%, or 0% for dry air). 
5.4.3 Cost per Unit Cooling Energy for 60°F Outside Air 
Since the water chiller technical literature does not provide the COP for such low 
outdoor air temperatures, the COP was estimated from the refrigeration efficiency and Carnot 
COP (see previous calculations in Section 4.3.3). Using Equation 4.8, the Carnot COP for 
60°F is: 
( 40+460) 0 R 
COP= =33 
(55-40) 0 R 
The refrigeration efficiency of 30% (see Section 4.3) results in an actual COP of 
about 10 at 60°F. This COP of 10 can be compared to the COP of 3 that was used in Section 
4.3.3 calculations for a 95°F outdoor temperature. The cost per unit energy is determined for 
the water chiller operating at an outdoor temperature of 60°F where: 
cost $1.91 $0.19 
(5.5) ---= =-----
energy 100, 000( Btu)• 10 100, 000( Btu) 
56 
5.4.4 Maximum Water Chiller Cost 
Cost per unit energy calculated in Section 5.4.3 can now be used to find the hourly 
cost of operating the water chiller for the two different humidification approaches as shown 
below. 
Present Approach and Plan B (humidification at 95°F) 
The present approach cools air from 95°F and a dew-point temperature of 59°F to 
50°F. Moist air enthalpies taken from the psychrometric chart for both the inlet and 
outlet of the cooling coil are about 35 Btu/lb and 20 Btu/lb, respectively. Based on an 
energy balance and neglecting the energy in the liquid condensate, the resulting heat 
removal rate is: 
Q=30,285~·(35-20)Btu =4.54x105 Btu 
hr lb hr 
(5.35) 
The cost per hour for the present approach with humidification at 95°F and the 
outdoor temperature at 60°F is: 
cost= $0.19 •4_54 xl05 Btu= $0.86 
time 100,000(Btu) hr hr 
Plan A (humidification at 60°F) 
For the case of cooling air from 60°F and a 59°F dew-point temperature to 50°F, the 
moist air enthalpies for the inlet and outlet are about 26.5 Btu/lb and 20 Btu/lb, 
respectively, so that the resulting heat removal rate is: 
Q = 30,285~•(26.5-20) Btu= 1.97xl05 Btu (5.6) 
hr lb hr 
The cost per hour for Plan A with humidification at 60°F and the outdoor air 
temperature at 60°F is: 
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time 
cost = $0.19 •l.97 x l 05 Btu = $0.38 
100, OOO(Btu) hr hr 
(5.7) 
The water-chiller operating costs at outdoor conditions of 60°F and 70% relative 
humidity can now be combined with heating and humidification costs to get a total cost for 
the different humidification approaches. As mentioned previously, the dilemma of selecting 
an appropriate outdoor condition is that when outdoor temperatures are low, and 
humidification at a 50°F dew-point temperature is required, then the water chiller operation is 
not required (i.e., dry coolers are used to make chilled water). Further, when outdoor 
temperatures are high enough to require water chiller operations, then humidification may 
not be required because the outdoor air already has a dew-point temperature above 59°F. 
5.5 Systems Operations 
5.5.1 Cost Comparison at Extreme Winter Conditions 
The cost of conditioning the process air is compared for the three different 
humidification approaches when the outdoor air temperature is at -20°F and the relative 
humidity is 100%. At these extreme winter conditions, the water chiller does not operate 
since the outdoor dry coolers can supply the chilled-water load. Therefore, the operating cost 
is based entirely on purchasing natural gas to make steam in the HP boiler. The cost per hour 
for each component, along with a total for each specific humidification approach, is 
presented in Table 5.2. Implementing Plan A by reducing the humidification temperature to 
60°F from 95°F reduces the operating costs about 13.8% from $52.61/hr to $45.33/hr. The 
largest operating cost reduction is Plan B, which reduces the costs about 24.5% to $39.70/hr. 
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Table 5.2 Operating Costs for the Three Approaches 
Present Approach Plan A Plan B 
$/hr $/hr $/hr 
Preheating Coil $11.96 $8.32 $11.96 
Fluidized Humidifier $5.17 $5.17 $3.65 
bed 1 Heating Coil $8.32 $8.32 $3.64 
Chill Water Coil $0.00 $0.00 $0.00 
Preheating Coil $11.96 $8.32 $11.96 
Fluidized Humidifier $6.88 $6.88 $4.85 
bed 2 Heating Coil $8.32 $8.32 $3.64 
Chill Water Coil $0.00 $0.00 $0.00 
Total $52.61 $45.33 $39.70 
5.5.2 Extreme Summer Conditions with No Humidification 
The cost of conditioning process air when the outdoor air temperature is at an extreme 
condition of 95°F is determined for two levels of outdoor humidity, namely 60% and 90%. At 
this extreme temperature and relative humidities, the dew-point temperature is already 
greater than 59°F, so that neither preheating nor humidifying is required, and as a result, all 
three humidification approaches are the same. Therefore, the costs shown in Table 5.3 and 
5.4 represent the cost of operating both the present system and the Plan A and Plan B 
approaches. Of special importance, the cooling costs shown in the tables are the maximum 
possible for any scenario because the COP is a minimum at the extremely high outdoor 
temperature of 95°F. 
Several observations can be made regarding the cost information provided in Tables 
5.3 and 5.4. First, at a high outdoor humidity, such as 90% (Table 5.3), the natural gas cost 
to heat process air to the fluidized bed inlet temperature of 130°F is comparable to the water 
chiller cost to dehumidify the outdoor air. At even lower humidities such as 60% (Table 5.4) 
where dehumidification costs are less, the natural gas costs are several times larger than the 
water chiller costs. Also shown in the tables is the fact that the preheating and humidifying 
costs are zero when the outdoor dew-point temperature is greater than 59°F. 
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Table 5.3 Outdoor Conditions at 95°F and 90% Relative Humidity 
HeaUCool CosUhour 
Loads Btu/hr $/hr 
Preheating Coil 0 $0.00 
Fluidized bed 1 Humidifier 0 $0.00 
Heating Coil 5.82x105 $8.32 
CoolinQ Coil 11.7x105 $7.49 
PreheatinQ Coil 0 $0.00 
Fluidized bed 2 
Humidifier 0 $0.00 
Heating Coil 5.82x105 $8.32 
Cooling Coil 11.7x105 $7.49 
Total $31.62 
Table 5.4 Outdoor Conditions at 95°F and 60% Relative Humidity, (realistic case) 
HeaUCool CosUhour 
Loads Btu/hr $/hr 
PreheatinQ Coil 0 $0.00 
Fluidized bed 1 Humidifier 0 $0.00 
HeatinQ Coil 5.82x105 $8.32 
CoolinQ Coil 8.03x105 $5.14 
PreheatinQ Coil 0 $0.00 
Fluidized bed 2 Humidifier 0 $0.00 
HeatinQ Coil 5.82x105 $8.32 
Cooling Coil 8.03x105 $5.14 
Total $26.92 
5.5.3 Cost Comparison at Non-Winter Conditions with Humidification 
As discussed earlier, selecting appropriate outdoor conditions to compare the cost of 
the three different humidification approaches with the water chiller operating is difficult. For 
example, in the winter when the maximum capacity of HP boiler steam is required for 
heating and humidification, then the water chiller is not needed since outdoor dry coolers 
supply the chilled water load. Conversely, during the summer months when the water chiller 
loads are largest, then the dew-point temperature is often greater than 59°F so that 
humidification, and thus clean-steam production, is not required. 
The solution to this dilemma is to find some intermediate temperature where the 
operating cost may be near a maximum (i.e., worst-cost scenario) because both water chiller 
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loads and HP boiler loads are needed for setting the fluidized bed inlet conditions. This 
combination of events would only occur if the outdoor temperature is low enough to require 
significant humidification (along with heating and preheating) and high enough so that the 
water chiller, rather than the outdoor dry cooler, is required to supply a major portion of the 
chilled water load. 
An outdoor temperature of 60°F with negligible humidity was selected as a worst-cost 
scenario for determining the cost of operating both the water chiller for cooling and the HP 
boiler steam for humidification. This scenario provides an opportunity to compare the three 
I 
different humidification approaches. Again, the selection of a 60°F outdoor temperature with 
0% relative humidity means that the water chiller rather than the outdoor dry coolers are used 
to set the dew-point temperature of 60°F for the fluidized bed. 
The results in Table 5.5 show that the present approach is the most expensive at 
almost $40/hr, while the Plan A and Plan B approaches result in 26% and 37% savings, 
respectively. These results represent a specific scenario that includes simultaneous operation 
of the water chiller and humidifier when the outdoor air is dry at 60°F. 
Table 5.5 System Cost of Humidification Approaches with Dry Outdoor Air (60°F) 
Present Approach Plan A Plan B 
$/hr $/hr $/hr 
Fluidized 
Preheating Coil $4.68 $0.00 $4.68 
bed 1 Humidifier $5.17 $5.17 $3.65 
Heating Coil $8.32 $8.32 $3.64 
Chill Water Coil $0.87 $0.37 $0.00 
Fluidized Preheating Coil $4.68 $0.00 $4.68 
bed 2 Humidifier $6.88 $6.88 $4.82 
Heating Coil $8.32 $8.32 $3.64 
Chill Water Coil $0.86 $0.38 $0.00 
Total $39.78 $29.44 $25.11 
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Chapter 6 Cost Analysis for Typical Outdoor Conditions 
6.1 Monthly Cost Analysis for Conditioning Air 
Typical outdoor conditions are used to perform both monthly and annual cost analysis 
for each component in the process-air system, each fluidized bed and the overall system with 
both fluidized beds operating. This cost analysis is performed for all three humidification 
approaches so that an economic comparison can be made. Typical outdoor conditions are 
obtained for each of the twelve months by averaging hourly information taken from the 
typical meteorological year (TMY2) dataset. 
6.1.1 Typical Meteorological Year Weather Data 
Meteorological year weather data for Minneapolis was used to perform a monthly and 
annual cost analysis for conditioning the process air (Marion and Urban, 1995). The TMY2 
weather data sets contain hourly dry-bulb temperatures, dew-point temperatures and relative 
humidities. The databank represents a specific year (e.g. 1994) that has been deemed typical, 
based on multi-year comparisons of hourly temperatures. Therefore, the hourly data available 
in the TMY2 data set represents typical outdoor conditions so that any cost or energy 
analysis can be used to make design and management decisions pertaining to fluidized bed 
operations in the future. 
Average weather conditions, namely dry-bulb temperature, dew-point temperature, 
and relative humidity (RH) are shown in Table 6.1 for each month during a typical year in 
Minneapolis. These average monthly values were obtained by summing all of the hourly 
readings for each month and then dividing by the number of hours in the month. Several 
observations can be made regarding the monthly average data shown in the Table 6.1. First, 
the lowest monthly average temperature is 10.8°F in January and the highest average 
temperature is 71.6°F in July. Shown in Figure 6.1 is a detailed plot of hourly temperatures, 
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along with the monthly average values (horizontal lines), for each of these two extreme 
months. 
Table 6.1 TMY2 Data for Typical Year in Minneapolis (Marion and Urban, 1995) 
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Month Dry-Bulb Dew-Point Ave. RH 
Temp. (F) Temp. (F) 
Jan 10.8 4.4 74.1 
Feb 17.5 8.7 68.4 
Mar 32.6 22.3 67.2 
Apr 47.7 33.9 61.5 
May 60.9 46.3 61.l 
June 68.9 55.7 65 
July 71.6 60.7 69.9 
Aug 70.8 60.3 70.8 
Sept 61 51.7 73 
Oct 47.7 35.9 65.1 
Nov 33.3 27 72.8 
Dec 17.3 10.7 74.7 
Annual Ave. 45 34.8 68.6 
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Figure 6.1 Average Dry-Bulb Temperatures for January and July 
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Another observation is that the relative humidity averaged over the year is 68.6%, and 
the average monthly relative humidities are all within a ±7% centered around 68.0%. For 
example, the lowest relative humidity value of 61 % is in May and the highest value of 7 4. 7% 
is in December. The dry-bulb temperature data in Table 6.1 indicate that the water chiller 
must be operated for at least half the year, namely April through October, while the outdoor 
dry coolers can supply the cooling load during the remaining months. Specifically, outdoor 
dry coolers require temperatures several degrees less than the 40°F chilled-water temperature 
before they can be operated. 
Comparing the monthly average dew-point temperatures in Table 6.1 with the 
fluidized bed inlet requirement of 50°F, the average outdoor dew-point temperature for the 
four warmer months, namely June through September, exceeds this 50°F value. Even if the 
outdoor air already contains adequate water vapor for fluidized bed operations, several of the 
humidification methods still condition air by humidifying to a 59°F dew-point temperature 
and then dehumidifying air to the 50°F dew-point temperature. This approach appears to 
waste energy (both electricity and natural gas) during the four warmer months since the dew-
point temperature is already greater than that required at the fluidized bed inlet. 
6.1.2 Comparison of Three Different Humidification Methods 
The actual operation of the three different humidification methods can vary from 
month to month depending on outdoor weather conditions. The following observations are 
made regarding the operation of the three methods, based on analyzing the monthly average 
weather data in Table 6.1. 
Present Method (Preheating to 95°F and Humidification to 59°F) 
1. Preheating is always performed, since all average dry-bulb temperatures are less 
than 95°F. 
2. Humidification is not required during the two months of July and August since 
average dew-point temperatures are close to 59°F. Preheating to the 95°F dry-
bulb temperature appears to be unnecessary and costly, especially since the dry-
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bulb temperatures are near 70°F, which is already 20°F higher the cooling coil 
exit. These two summer months also have the largest outdoor air temperatures 
which result in the lowest COP and thus the highest cost for the water chiller 
operation. 
Plan A (Preheating to 60°F and humidification to 59°F dew-point temperature) 
1. Preheating is not required during the five months from May through September 
since the average dry-bulb temperatures are greater than 60°F. 
2. Humidification is not required during July and August since the dew point 
temperature is above 5 9°F. 
Plan B (Preheating to 95°F and Humidification to 50°F Dew-Point Temperature) 
1. For the eight months from October through May, preheating to 95°F and then 
humidifying to a 50°F dew-point temperature is required. 
2. For the four months from June through September, preheating or humidification 
is not required, since the outdoor dew-point temperature is greater than 50°F. 
All of the cooling and dehumidification processes during this four-month period 
requires the use of the water chiller since the outdoor temperature is greater than 
the 40°F chilled water temperature, thus making the outdoor dry coolers 
ineffective. 
6.1.3 Hourly Water Chiller Cost Analysis 
The monthly average hourly cost was determined for the water chiller operating with 
each of the three different humidification methods and the results are reported in Table 6.2. 
The hourly cost is primarily a function of the actual COP, which is in tum a function of both 
the outdoor temperature and the temperature difference shown in the Table 6.2. Specifically, 
the temperature difference is the difference between the monthly average outdoor 
temperature and the 40°F chilled water temperature, and represents the temperature range that 
cooling energy must exceed in order to be rejected to the outdoors. This temperature 
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difference, along with the outdoor temperature, is used to determine the Carnot COP shown 
in the table as follows: 
COP= T,,utdoors 
T,,utdoors - 40° F 
(6.1) 
The actual COP is determined for a refrigeration efficiency of 30% (see Section 
4.3.3) as follows: 
co~ctual 
1JR = 
CQPCamot 
:. CO~ctuat = 0.3•COPcamot 
Table 6.2 Hourly Operating Costs for the Water Chiller 
Outdoor 
Temperature 
Dry Bulb 
Difference Carnot Actual Present 
Plan A 
T(outdoor) COP COP Approach 
Temperature 
-40°F 
(oF) (oF) ($/hr) ($/hr) 
Jan 10.8 - - - - -
Feb 17.5 - - - - -
Mar 32.6 - - - - -
Apr 47.7 7.7 65.9 19.8 0.44 0.19 
May 60.9 20.9 24.9 7.5 1.16 0.50 
June 68.9 28.9 18.3 5.5 1.58 0.69 
July 71.6 31.6 16.8 5.0 1.72 0.75 
Aug 70.8 30.8 17.2 5.2 1.68 0.73 
Sept 61 21 24.8 7.4 1.17 0.51 
Oct 47.7 7.7 65.9 19.8 0.44 0.19 
Nov 33.3 - - - - -
Dec 17.3 - - - - -
(6.2) 
The hourly cost data in Table 6.2 shows that for five months of the year the water 
chiller does not operate because the lower outdoor temperatures (i.e., less than 40°F) allow 
the outdoor dry coolers to supply the chilled water load. Also shown in Table 6.2 is the fact 
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that actual COP varies considerably from a high of 19.8 in April, which has an average 
temperature of 47.7°F, to a low of 5.0 in July, which has an average temperature of 71.6°F. 
6.1.4 Hourly Humidification Cost Analysis 
A monthly average hourly cost analysis was performed for humidifying process air by 
using the three different humidification methods. Two of the humidification methods, namely 
the present approach and Plan A, raise the outdoor air to a dew-point temperature of 59°F so 
that the hourly costs for these two methods are the same. The third method, Plan B, increases 
the dew-point temperature to only 50°F so that costs will be less. The costs for humidification 
' 
are for the production of clean steam by using either of two methods, namely combustion of 
natural gas, which is used in the HP boiler, or electrical resistance heating, which is used in 
the electrical boiler. The cost analysis results are shown in Table 6.3 for the present approach 
and Plan A and in Table 6.4 for Plan B. The hourly costs for humidifying the process air by 
using the electrical boiler are always a factor of 1.33 greater compared to the HP steam 
boiler. In other words the electrical boiler costs are 33% higher than the steam boiler costs. 
The hourly cost data in Table 6.3 and 6.4 are presented graphically in Figure 6.2. The 
humidification costs for the present approach and Plan A are zero in two of the summer 
months while for Plan B the costs are zero for four months. The months with zero costs are 
associated with those months that have average dew-point temperatures greater than the 
humidification set point, which is either 50°F or 59°F depending on the humidification 
approach. Of special importance, Figure 6.2 can be used to compare the hourly cost for 
humidification with a HP boiler or an electrical boiler, with differences of around a dollar 
more an hour in the winter months for an electric boiler. Also shown is the fact that the 
hourly humidification cost for Plan B are considerably lower than the other two plans 
regardless of whether the HP boiler or electrical boiler is being used. 
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Table 6.3 Hourly Humidification Analysis for Present Approach and Plan A 
Outdoor Outdoor t.. Humidity Clean-Steam HP Boiler HP Electrical 
Dew-Point Humidity Ratio w2-wl Flow Rate 
Steam Flow Boiler 
Boiler Cost 
Temp Ratio, wl (w2=0.0107) Rate Cost 
op lbv/lba (lbv/lba) (lb/hr) (lb/hr) ($/hr) ($/hr) 
Jan 4.4 0.001 0.0097 294 374 $4.82 $6.43 
Feb 8.7 0.0012 0.0095 288 366 $4.72 $6.30 
Mar 22.3 0.0024 0.0083 251 320 $4.12 $5.50 
Apr 33.9 0.0043 0.0064 194 247 $3.18 $4.24 
May 46.3 0.0065 0.0042 127 162 $2.09 $2.79 
June 55.7 0.0095 0.0012 36 46 $0.60 $0.80 
July 60.7 0.0115 0 0 0 $0.00 $0.00 
Aug 60.3 0.0112 0 0 0 $0.00 $0.00 
Sept 51.7 0.0082 0.0025 76 96 $1.24 $1.66 
Oct 35.9 0.0045 0.0062 188 239 $3.08 $4.11 
Nov 27 0.003 0.0077 233 297 $3.82 $5.11 
Dec 10.7 0.0014 0.0093 282 359 $4.62 $6.17 
Table 6.4 Hourly Humidification Analysis for Plan B 
Outdoor Outdoor t.. Humidity 
Clean-Steam 
HP Boiler HP 
Electrical 
Dew-Point Humidity Ratio w2-wl Flow Rate Steam Flow Boiler Boiler Cost 
Temp Ratio, wl (w2=0.00734) Rate Cost 
op lbv/lba (lbv/lba) (lb/hr) (lb/hr) ($/hr) ($/hr) 
Jan 4.4 0.001 0.00634 192 244 $3.15 $4.20 
Feb 8.7 0.0012 0.00614 186 237 $3.05 $4.07 
Mar 22.3 0.0024 0.00494 150 190 $2.45 $3.28 
Apr 33.9 0.0043 0.00304 92 117 $1.51 $2.02 
May 46.3 0.0065 0.00084 25 32 $0.42 $0.56 
June 55.7 0.0095 0 0 0 $0.00 $0.00 
July 60.7 0.0115 0 0 0 $0.00 $0.00 
Aug 60.3 0.0112 0 0 0 $0.00 $0.00 
Sept 51.7 0.0082 0 0 0 $0.00 $0.00 
Oct 35.9 0.0045 0.00284 86 109 $1.41 $1.88 
Nov 27 0.003 0.00434 131 167 $2.16 $2.88 
Dec 10.7 0.0014 0.00594 180 229 $2.95 $3.94 
$7.00 
$6.00 
$5.00 
~ 
..c: 
~ $4.00 --C/) $3.00 0 
(.) 
$2.00 
$1.00 
$0.00 
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--+--HP Boiler -Present and Plan A 
--4- HP Boiler - Plan B 
___......_Electric Boiler -Present & Plan A 
--*--Electric Boiler - Plan B 
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
M>nth 
Figure 6.2 Hourly Operating Cost Comparison for the Humidifier 
6.1.5 Hourly Preheater Cost Analysis 
The monthly average hourly cost of preheating outdoor atr depends on the 
temperature change of the process air in the heating coil. This temperature change is a 
function of the air entering the coil (average monthly outdoor temperature) and the 
preheating coil exit temperature (temperature where the humidification process takes place). 
The hourly operating costs of the preheating coil are shown in Table 6.5 and Figure 
6.3. The operating costs for the present approach and Plan B are the same for the months of 
October through May since they both preheat air to 95°F. During the months of June through 
September, the dew-point temperature is higher than the required 50°F for Plan B and the 
preheater is turned off. The hourly operating cost for the preheater in Plan A is considerably 
less than the other two approaches. In fact, for five months of the year, preheating is not 
required because the outdoor temperature is already equal to or higher than the 50°F 
temperature where humidification takes place. In addition, humidification is not required in 
Plan A for two of these five months because the dew-point temperature is already greater 
than the 59°F. 
f 
iiJ ...... 
~ 
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Table 6.5 Hourly Operating Cost for the Preheater 
Temp Temp Change HP Boiler Capacity Cost 
(oF) (oF) (lb/hr) ($/hr) 
Outdoor 
Present Plan Plan Present Plan Plan Present Plan 
Jan 
Feb 
Mar 
Apr 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Dec 
$9.00 
$8.00 
$7.00 
$6.00 
$5.00 
$4.00 
$3.00 
$2.00 
$1.00 
$0.00 
Dry-
Approach A B Approach A B Approach A 
Bulb 
10.8 84.2 49.2 84.2 679 397 679 $8.76 $5.12 
17.5 77.5 42.5 77.5 625 343 625 $8.06 $4.42 
32.6 62.4 27.4 62.4 503 221 503 $6.49 $2.85 
47.7 47.3 12.3 47.3 381 99 381 $4.92 $1.28 
60.9 34.l 0 34.1 275 0 275 $3.55 $0.00 
68.9 26.1 0 0 210 0 0 $2.71 $0.00 
71.6 23.4 0 0 189 0 0 $2.43 $0.00 
70.8 24.2 0 0 195 0 0 $2.52 $0.00 
61 34 0 0 274 0 0 $3.54 $0.00 
47.7 47.3 12.3 47.3 381 99 381 $4.92 $1.28 
33.3 61.7 26.7 61.7 498 215 498 $6.42 $2.78 
17.3 77.7 42.7 77.7 627 344 627 $8.08 $4.44 
-- Preheater (PA) 
-- Preheater (Plan A) 
-- Preheater (Plan B) 
-- Heater (PA and Plan A) 
-- Heater (Plan B) 
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Month 
Plan 
B 
$8.76 
$8.06 
$6.49 
$4.92 
$3.55 
$0.00 
$0.00 
$0.00 
$0.00 
$4.92 
$6.42 
$8.08 
Figure 6.3 Hourly Operating Cost Comparison for the Preheating and Heating Coil 
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6.1.6 Hourly System Cost Analysis 
The monthly average hourly cost for conditioning process air in each of the major 
system components (e.g. cooling coil, humidifier, preheating coil, and heating coil) is shown 
in Table 6.6 and Figure 6.4 for the present approach, Table 6.7 and Figure 6.5 for Plan A, and 
Table 6.8 and Figure 6.6 for Plan B. Also shown is a total hourly operating cost based on 
summing the individual costs for the system components in both fluidized beds. Since there 
are two preheaters, one for each fluidized bed, the hourly cost must be doubled to get a total 
preheater cost. Also, two columns are shown for clean-steam production because fluidized 
bed 1 uses HP boiler steam and fluidized bed 2 uses the electrical boiler. 
Observations of the data in Figures 6.4-6.6 show that the component with the highest 
operating costs of $8.32 per hour is the heating coil, which heats the process air from 50°F to 
130°F for the present approach, Plan A and the summer months of Plan B. Only in January 
when the outdoor temperature is the lowest does the cost of operating the preheating coil 
approach that of the heating coil. On an annual cost basis, the heating coil for the present 
approach and Plan A is the most costly component, being almost a factor of two larger than 
the next costly component, which is the preheater. As shown in Figures 6.4-6.6, the least 
costly component is the water chiller. The water chiller only operates for seven months of the 
year, which is the reason for the low operating cost, even though the water chiller COP is 
quite large due to the low outdoor temperatures. For Plan B, the water chiller is only needed 
for dehumidification when the outdoor dew-point temperature is above 50°F, which results in 
only four months of operation. 
The monthly average hourly operating cost for all three approaches is compared in 
Figure 6.7. The present approach is about $8 per hour higher than the Plan A and $12 per 
hour higher than Plan B. The most expensive and least expensive months are January and 
July, respectively for the present approach and Plan A, with the cost per hour ranging from 
$46, $38 in January to $25, $19 in July. The most and least expensive months for Plan Bare 
January and May respectively, with the cost per hour ranging from $33 in January to $15 in 
May. 
Jan 
Feb 
Mar 
Apr 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Dec 
$9.00 
$8.00 
$7.00 
,_ $6.00 ,... 
-= V;. $5.00 
'-' 
"t; $4.00 
Q 
u $3.00 
$2.00 
$1.00 
Chilled 
Water 
Fluidized 
Bed 1&2 
($/hr) 
$0.00 
$0.00 
$0.00 
$0.45 
$1.20 
$1.67 
$1.81 
$1.77 
$1.22 
$0.45 
$0.00 
$0.00 
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Table 6.6 Hourly Operating Cost for Present Approach 
Clean Steam 
(HP Boiler) 
Fluidized 
Bed 1 
($/hr) 
$4.82 
$4.72 
$4.12 
$3.18 
$2.09 
$0.60 
$0.00 
$0.00 
$1.24 
$3.08 
$3.82 
$4.62 
Clean Steam Preheating Coil Heating Coil 
Total 
(Electric) (HP Boiler) (HP Boiler) 
Fluidized 
Fluidized Fluidized Bed Fluidized 
Bed 1 
Bed2 1&2 Bed 1&2 
($/hr) ($/hr) ($/hr) ($/hr) 
$6.43 $8.76 $8.32 $21.90 
$6.30 $8.06 $8.32 $21.10 
$5.50 $6.49 $8.32 $18.93 
$4.24 $4.92 $8.32 $16.87 
$2.79 $3.55 $8.32 $15.15 
$0.80 $2.71 $8.32 $13.30 
$0.00 $2.43 $8.32 $12.56 
$0.00 $2.52 $8.32 $12.61 
$1.66 $3.54 $8.32 $14.32 
$4.11 $4.92 $8.32 $16.77 
$5.11 $6.42 $8.32 $18.56 
$6.17 $8.08 $8.32 $21.02 
--+-Chilled Water - Clean Steam (HP) 
_.,__Clean Steam (Elec) """*-- Preheater (HP) 
-*-Heater (HP) 
Total 
Fluidized 
Bed 2 
($/hr) 
$23.51 
$22.68 
$20.32 
$17.93 
$15.85 
$13.50 
$12.56 
$12.61 
$14.73 
$17.80 
$19.84 
$22.57 
Total 
for both 
Fluidized 
Beds 
($/hr) 
$45.41 
$43.78 
$39.25 
$34.80 
$31.01 
$26.80 
$25.13 
$25.21 
$29.05 
$34.57 
$38.41 
$43.59 
$0.00 +-_.._-...-...._-..--_..,,,:c_,-._-r-_--,------,------"'8---.---f----r-~~-~a.-...-6----. 
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Month 
Figure 6.4 Average Monthly Operating Cost for Present Approach 
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Table 6.7 Hourly Operating Cost for Plan A 
Chilled Clean Steam Clean Steam Preheating Coil Heating Coil 
Total Total 
Total 
Water (HP Boiler) (Electric) (HP Boiler) (HP Boiler) 
Fluidized Fluidized 
for both 
Fluidized Fluidized Bed Fluidized Bed Fluidized Bed Fluidized Bed 
Bed 1 Bed2 
Fluidized 
Bed 1&2 1 2 1&2 1&2 Beds 
($/hr) ($/hr) ($/hr) ($/hr) ($/hr) ($/hr) ($/hr) ($/hr) 
Jan $0.00 $4.82 $6.43 $5.12 $8.32 $18.26 $19.87 $38.13 
Feb $0.00 $4.72 $6.30 $4.42 $8.32 $17.46 $19.04 $36.50 
Mar $0.00 $4.12 $5.50 $2.85 $8.32 $15.29 $16.68 $31.97 
Apr $0.19 $3.18 $4.24 $1.28 $8.32 $12.97 $14.03 $27.00 
May $0.54 $2.09 $2.79 $0.00 $8.32 $10.95 $11.65 $22.59 
June $0.96 $0.60 $0.80 $0.00 $8.32 $9.88 $10.08 $19.95 
July $1.12 $0.00 $0.00 $0.00 $8.32 $9.44 $9.44 . $18.88 
Aug $1.08 $0.00 $0.00 $0.00 $8.32 $9.40 $9.40 $18.80 
Sept $0.55 $1.24 $1.66 $0.00 $8.32 $10.11 $10.53 $20.64 
Oct $0.19 $3.08 $4.11 $1.28 $8.32 $12.87 $13.90 $26.77 
Nov $0.00 $3.82 $5.11 $2.78 $8.32 $14.92 $16.20 $31.13 
Dec $0.00 $4.62 $6.17 $4.44 $8.32 $17.38 $18.93 $36.31 
$9.00 
• • • • • • • • • • • • $8.00 
$7.00 
- Chilled Water 
$6.00 -a-- Clean Steam (HP) --"" """'*"""Clean Steam (Elec) i::: $5.00 
v:t ~ Preheater (HP) -.... --+-Heater (HP) "-' $4.00 0 
u 
$3.00 
$2.00 
$1.00 
$0.00 
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Month 
Figure 6.5 Average Monthly Operating Cost for Plan A 
Chilled 
Water 
Fluidized 
Bed 1&2 
($/hr) 
Jan $0.00 
Feb $0.00 
Mar $0.00 
Apr $0.00 
May $0.00 
June $0.96 
July $1.12 
Aug $1.08 
Sept $0.55 
Oct $0.00 
Nov $0.00 
Dec $0.00 
$9.00 
$8.00 
$7.00 
$6.00 
"i:" 
~ $5.00 -
~ $4.00 
$3.00 
$2.00 
$1.00 
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Table 6.8 Hourly Operating Cost for Plan B 
Clean Steam Clean Steam Preheating Coil Heating Coil 
Total Total 
Total 
(HP Boiler) (Electric) (HP Boiler) (HP Boiler) 
Fluidized Fluidized 
for both 
Fluidized Bed Fluidized Bed Fluidized Bed Fluidized Bed 
Bed 1 Bed2 
Fluidized 
1 2 1&2 1&2 Beds 
($/hr) ($/hr) ($/hr) ($/hr) ($/hr) ($/hr) ($/hr) 
$3.15 $4.20 $8.76 $3.64 $15.55 $16.60 $32.15 
$3.05 $4.07 $8.06 $3.64 $14.75 $15.77 $30.52 
$2.45 $3.28 $6.49 $3.64 $12.58 $13.41 $25.99 
$1.51 $2.02 $4.92 $3.64 $10.07 $10.58 $20.65 
$0.42 $0.56 $3.55 $3.64 $7.60 $7.74 $15.35 
$0.00 $0.00 $0.00 $8.32 $9.28 $9.28 $18.56 
$0.00 $0.00 $0.00 $8.32 $9.44 $9.44 $18.88 
$0.00 $0.00 $0.00 $8.32 $9.40 $9.40 $18.80 
$0.00 $0.00 $0.00 $8.32 $8.87 $8.87 $17.74 
$1.41 $1.88 $4.92 $3.64 $9.97 $10.44 $20.41 
$2.16 $2.88 $6.42 $3.64 $12.21 $12.94 $25.15 
$2.95 $3.94 $8.08 $3.64 $14.67 $15.66 $30.33 
"""'*- Prehheater 
_.,._Heater 
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
Month 
Figure 6.6 Average Monthly Operating Cost for Plan B 
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-- Present Approach 
--Plan A 
~PlanB 
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Figure 6. 7 Comparison of Average Monthly Operating Cost for Each Approach 
6.2 Annual Cost Analysis for Conditioning Air 
The total monthly cost for operating both fluidized beds simultaneously and 
continuously for 24 hours each day was determined for each of the three humidification 
methods. The total monthly operating cost data was obtained by multiplying the total hourly 
cost in Tables 6.6-6.8 by the total number of hours in each month and the results are shown 
in Tables 6.9-6.11 for the present approach, Plan A, and Plan B, respectively. 
The monthly total cost for the present approach shown in Table 6.9 varies from a high 
of $33, 783 in the coldest month of January to a low of $18,695 in the warmest month of July. 
For Plan A and Plan B, the highest cost is still in January shown in Table 6.10 and 6.11 
respectively, with the maximum monthly cost being $28,366 and $23,920 respectively. 
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However, the lowest cost for Plan A of $13,987 occurs in August while the lowest cost for 
Plan B of $11,419 occurs in May. 
Table 6.9 Monthly and Total Cost for Present Approach 
Clean Preheating Heating 
Chilled Steam Clean Steam Coil Coil Total 
Days Hours Water HP Boiler Electric HP Boiler HP Boiler Total Total for both 
per per Fluidized Fluidized Fluidized Fluidized ~luidized Fluidized Fluidized Fluidized 
Month Month Bed 1&2 Bed 1 Bed2 Bed 1&2 Bed 1&2 Bed 1 Bed2 Beds 
($) ($) ($) ($) ($) ($) ($) ($) 
Jan 31 744 $0 $3,584 $4,786 $6,516 $6,190 $16,291 $17,493 $33,783 
Feb 28 672 $0 $3,171 $4,234 $5,417 $5,591 $14,179 $15,242 $29,422 
Mar 31 744 $0 $3,067 $4,096 $4,829 $6,190 $14,086 $15,115 $29,201 
Apr 30 720 $324 $2,289 $3,056 $3,542 $5,990 $12,146 $12,913 $25,059 
May 31 744 $893 $1,552 $2,072 $2,639 $6,190 $11,274 $11,794 $23,068 
June 30 720 $1,202 $429 $573 $1,955 $5,990 $9,577 $9,721 $19,297 
July 31 744 $1,347 $0 $0 '$1,811 $6,190 $9,348 $9,348 $18,695 
Aug 31 744 $1,317 $0 $0 $1,873 $6,190 $9,380 $9,380 $18,760 
Sept 30 720 $878 $894 $1,194 $2,546 $5,990 $10,309 $10,609 $20,918 
Oct 31 744 $335 $2,291 $3,059 $3,661 $6,190 $12,476 $13,245 $25,721 
Nov 30 720 $0 $2,754 $3,677 $4,621 $5,990 $13,365 $14,288 $27,653 
Dec 31 744 $0 $3,437 $4,589 $6,013 $6,190 $15,640 $16,792 $32,432 
Total 365 8760 $6,296 $23,467 $31,337 $45,424 $72,883 $148,070 $155,940 $304,010 
Table 6.10 Monthly and Total Cost for Plan A 
Clean Clean Preheating 
Chilled Steam Steam Coil Heating Coil Total Total Total 
Days Hours Water HP Boiler Electric HP Boiler HP Boiler Fluidized Fluidized For both 
per per Fluidized Fluidized Fluidized Fluidized Fluidized Bed Bed Fluidized 
Month Month Bed 1&2 Bed 1 Bed2 Bed 1&2 Bed 1&2 1 2 Beds 
($) ($) ($) ($) ($) ($) ($) ($) 
Jan 31 744 $0 $3,584 $4,786 $3,808 $6,190 $13,582 $14,784 $28,366 
Feb 28 672 $0 $3,171 $4,234 $2,971 $5,591 $11,733 $12,796 $24,529 
Mar 31 744 $0 $3,067 $4,096 $2,120 $6,190 $11,378 $12,406 $23,784 
Apr 30 720 $137 $2,289 $3,056 $921 $5,990 $9,337 $10,105 $19,442 
May 31 744 $402 $1,552 $2,072 $0 $6,190 $8,144 $8,664 $16,808 
June 30 720 $691 $429 $573 $0 $5,990 $7,111 $7,255 $14,365 
July 31 744 $833 $0 $0 $0 $6,190 $7,023 $7,023 $14,047 
Aug 31 744 $804 $0 $0 $0 $6,190 $6,994 $6,994 $13,987 
Sent 30 720 $396 $894 $1,194 $0 $5,990 $7,280 $7,580 $14,861 
Oct 31 744 $141 $2,291 $3,059 $952 $6,190 $9,574 $10,343 $19,917 
Nov 30 720 $0 $2,754 $3,677 $2,000 $5,990 $10,744 $11,667 $22,411 
Dec 31 744 $0 $3,437 $4,589 $3,305 $6,190 $12,931 $14,084 $27,015 
Total 365 8760 $3,404 $23,467 $31,337 $16,076 $72,883 $115,830 $123,701 $239,531 
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Table 6.11 Monthly and Total Cost for Plan B 
Clean Clean Preheating 
Chilled Steam Steam Coil Heating Coil Total 
Days Hours Water HP Boiler Electric HP Boiler HP Boiler Total Total for both 
per per Fluidized Fluidized Fluidized Fluidized Fluidized Fluidized Fluidized Fluidized 
Month Month Bed 1&2 Bed 1 Bed2 Bed 1&2 Bed 1&2 Bed 1 Bed2 Beds 
($) ($) ($) ($) ($) ($) ($) ($) 
Jan 31 744 $0 $2,343 $3,128 $6,516 $2,708 $11,567 $12,353 $23,920 
Feb 28 672 $0 $2,049 $2,737 $5,417 $2,446 $~,913 $10,600 $20,513 
Mar 31 744 $0 $1,825 $2,438 $4,829 $2,708 $9,363 $9,975 $19,338 
Apr 30 720 $0 $1,087 $1,452 $3,542 $2,621 $7,250 $7,615 $14,865 
May 31 744 $0 $310 $414 $2,639 $2,708 $5,658 $5,762 $11,419 
June 30 720 $691 $0 $0 $0 $5,990 $6,682 $6,682 $13,363 
July 31 744 $833 $0 $0 $0 $6,190 $7,023 $7,023 $14,047 
Aug 31 744 $804 $0 $0 $0 $6,190 $6,994 $6,994 $13,987 
Sept 30 720 $396 $0 $0 $0 $5,990 $6,386 $6,386 $12,773 
Oct 31 744 $0 $1,049 $1,401 $3,661 $2,708 $7,418 $7,770 $15,188 
Nov 30 720 $0 $1,552 $2,072 $4,621 $2,621 $8,794 $9,314 $18,108 
Dec 31 744 $0 $2,195 $2,931 $6,013 $2,708 $10,916 $11,652 $22,569 
Total 365 8760 $2,724 $12,412 $16,574 $37,239 $45,589 $97,964 $102,126 $200,090 
Table 6.12 Annual Cost Comparison for the Three Humidification Methods 
Present 
Aooroach Plan A PlanB 
($) ($) ($) 
Jan $33,783 $28,366 $23,920 
Feb $29,422 $24,529 $20,513 
Mar $29,201 $23,784 $19,338 
Apr $25,059 $19,442 $14,865 
May $23,068 $16,808 $11,419 
June $19,297 $14,365 $13,363 
July $18,695 $14,047 $14,047 
Aug $18,760 $13,987 $13,987 
Sept $20,918 $14,861 $12,773 
Oct $25,721 $19,917 $15,188 
Nov $27,653 $22,411 $18,108 
Dec $32,432 $27,015 $22,569 
Total $304,010 $239,531 $200,090 
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Figure 6.8 Comparison of the Total Monthly Cost for the Three Approaches 
The total annual cost for preheating air with both fluidized bed loops combined (refer 
to Tables 6.9-6.11 for the heating coil) can be compared for the three different humidification 
approaches. Multiplying the total cost by two to account for both beds, for the present 
approach the total annual cost is $90,848, for Plan B the annual cost is $74,478 and $31,152 
for Plan A. Reducing the humidification temperature from 95°F to 60°F in Plan A could 
result in an annual savings for preheating air of $5 8,696 with both beds operating. 
The annual cost of using clean steam for humidification can be compared for the two 
production methods and for the three different humidification methods. The annual cost for 
the present approach (Table 6.9) shows that the cost to produce clean steam with the electric 
boiler is $31,337 per year and $23,467 per year for the boiler supplied with HP steam. So, if 
the electrical boiler in fluidized bed 2 is replaced with a HP steam boiler then the annual 
savings would be $7,870. The annual cost of producing clean-steam can also be compared for 
78 
the three different humidification approaches. Since the present approach and Plan A have 
the same clean-steam production cost, only the present approach will be compared to Plan B. 
For fluidized bed 1, the annual natural gas cost for the present approach is $23,467 (Table 
6.9), while implementing Plan B results in a cost of $12,412 (Table 6.11) per year. The 
savings with Plan Bare $11,055 per year because of its lower clean-steam demand and lower 
dew-point temperature requirement. For fluidized bed 2, the annual electrical cost for the 
present approach is $31,337 while implementing Plan B results in a cost of $16,574. The 
savings with Plan Bare $14,763 per year. 
The annual cooling cost with the water chiller operating can be compared for the 
three different humidification approaches. Specifically, a comparison of the present approach 
and Plan A shows that the cost of cooling process air for the present approach is generally a 
factor of 2 times more expensive than the Plan A method. In other words, implementing Plan 
A would reduce cooling costs by 46%. The annual cooling cost of $12,592 (both beds 
operating) for the present approach can be reduced to $6,808 when Plan A is implemented 
for an annual costs savings of $5,784. As noted before, Plan B doesn't require 
dehumidification or cooling costs (except the months of June - September, where the dew-
point temperature is above 50°F) because of direct humidification after preheating to 95°F. 
The annual monthly cost for all three humidification methods are summarized and 
compared in Table 6.12 and shown in Figure 6.8. A comparison of the annual cost in Table 
6.12 shows that implementing Plan A saves $64,479, as the annual cost is reduced from 
$304,010 for the present approach to $239,531 for Plan A. Thus, Plan A results in a cost 
savings of 21 %. If Plan B is implemented, then the annual cost savings is $103,920, as the 
present approach of$304,010 is reduced to $200,090. The cost savings for Plan Bis 34%. 
The total monthly cost data in Figure 6.8 can also be used to directly compare the 
three methods. Comparing the costs for all three methods for each month of the year, January 
through December, the present approach is always the most costly, followed by Plan A and 
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then Plan B. As shown in Figure 6.7, these observations are consistent with the average 
monthly cost analysis. 
6.3 HP Boiler Steam Load Analyses 
The total steam load on the HP boiler was determined for the three different 
humidification approaches and also compared with the rated boiler c~pacity of 4,112 lb/hr. 
This comparison of calculated steam load with the rated capacity is important to ensure that 
the HP boiler can meet the demands of the various systems being supplied, especially when 
the outdoor temperature is low (e.g. -20°F). 
For all three approaches, the fluidized bed inlet is at a dry-bulb temperature of 130°F 
and a dew-point temperature of 50°F. The mass flow rate is 30,285 lb/hr, based on 7500 cfin 
at 130°F. The process air is enters from the outdoors at an extreme condition of -20°F with 
negligible humidity. As noted before, air at such a low temperature holds only a small 
amount of water vapor, even if saturated. Therefore, the difference in water vapor mass 
between 0% relative humidity and 100% relative humidity is negligible, at least compared to 
the humidification levels that are achieved downstream in the humidifier. The steam flow 
rate in the MAU-10 coil (refer to Figure 1.1) is the same for all three approaches, namely 600 
lb/hr. 
The HP boiler loads and monthly costs per hour are shown in Table 6.14. The table 
includes the mass flow rates for the clean steam and both the preheating coil and heating coil 
for each fluidized bed. The HP boiler steam flow rates supplied to the system components as 
shown in Table 6.14 were calculated in Sections 6.1.4 and 6.1.5. The total steam flow rate of 
4, 145 lb/hr for the HP boiler based on using the present approach is comparable to the boiler 
capacity of 4,112 lb/hr. However, if the electric clean-steam boiler in fluidized bed 2 is 
replaced with a steam boiler, then the total steam flow rate of 4,546 lb/hr exceeds the boiler 
capacity by more than 10% at the -20°F outdoor temperature. 
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Modifying the present approach to implement Plan A reduces the HP boiler load by 
14% to 3,581 lb/hr and further modifying the system to Plan B reduces the HP boiler load by 
20% to 3,301 lb/hr. Of special significance is the fact that the electric boiler in Fluidized Bed 
2 can be replaced with a steam boiler in Plans A and B without exceeding the HP boiler 
capacity of 4,112 lb/hr. 
Table 6.13 Hourly HP Boiler Load and Cost 
MUA-10 Clean Steam 
Preheating Coil Heating Coil Total Total 
Coil Fluidized Fluidized Fluidized Fluidized Fluidized HP Boiler Hourly Bed 1 Bed 1 Bed2 Bed 1 Bed2 Load Cost 
lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr lb/hr $/hr 
Jan 600 374 679 679 645 645 3622 $46.72 
Feb 600 366 625 625 . 645 645 3506 $45.23 
Mar 600 320 503 503 645 645 3216 $41.49 
Apr 600 247 381 381 645 645 2899 $37.40 
May 600 162 275 275 645 645 2602 $33.57 
June 600 46 210 210 645 645 2356 $30.39 
July 600 0 189 189 645 645 2268 $29.26 
Aug 600 0 195 195 645 645 2280 $29.41 
Sept 600 96 274 274 645 645 2534 $32.69 
Oct 600 239 381 381 645 645 2891 $37.29 
Nov 600 297 497 497 645 645 3181 $41.03 
Dec 600 358 626 626 645 645 3500 $45.15 
Table 6.14 Component and Total HP Boiler Steam Demand 
Present.Approach Plan .A PlanB 
lb/hr lb/hr lb/hr 
Preheating Coil 927 645 927 
Fluidized bed 1 Humidifier 401 401 283 
Heating Coil 645 645 282 
Preheating Coil 927 645 927 
Fluidized bed 2 Heatin~ Coil 645 645 282 
MU.A-10 600 600 600 
Total 4145 3581 3301 
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Chapter 7 Humidity Processing and Sensing Analysis 
7.1 Overview 
There are two major considerations with a humidity sensor, the accuracy of the 
measuring device and the proximity of additional water vapor on or near the sensor surface. 
The latter of the two issues is a direct result of the absorption region downstream of the 
humidifier. The following sections describe the impact of these issues on the accuracy of the 
humidity sensor readings. 
7.2 Humidity Sensor Error 
7 .2.1. Overview 
An important concern when conditioning process air is the means by which the air 
temperature is controlled to. ensure proper humidity conditions. A humidity sensor is 
commonly located downstream of the clean-steam humidifier and just upstream of the 
cooling coil. This sensor controls the humidification process by controlling the flow rate of 
clean steam that needs to be mixed with the process air in order to achieve a specified dew-
point temperature. The accuracy of this sensor is critical and depends on accurate 
temperature readings. In order to proceed with analyses of the three humidification 
processes, a common sensor will be used. Humidity sensors manufactured by Vaisala, model 
HMP 622 (Vaisala, 2004), are reported to sense relative humidity with ±1 % accuracy. Since 
these sensors output relative humidity to control and measure dew-point temperature, the 
accuracy of the dew-point temperature that corresponds to ±1 % relative humidity is 
important to know. 
A potential problem with usmg the output of the relative humidity sensor to 
determine dew-point temperature is that accurate dry-bulb temperatures are needed, since the 
calculation of dew-point temperature requires both a relative humidity reading and a dry-bulb 
temperature reading. The space between the steam humidifier and the cooling coil face is 
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generally small, about 2 feet. Also, located just upstream of the humidifier is the steam 
preheating coil. Having a temperature sensor located physically between a hot surface (e.g. 
the preheating coil at 312°F) and a cold surface (e.g. the cooling coil at 40°F) can affect the 
temperature sensor reading because of radiation effects. Therefore, in addition to the ± 1 % 
relative humidity error already present, the actual dew-point temperature of the process air 
may be incorrect because of errors in the dry-bulb temperature. The errors in both the dry-
bulb and dew-point temperatures at the cooling coil exit are analyzed in detail in a later 
section. 
The long time response of the humidity sensor installed in the process-air system can 
also result in problems controlling the clean-steam flow rate and, hence, dew-point 
temperature. Specifically, humidity sensors function by having water vapor from a moist air 
stream migrate and then diffuse into a polymer membrane, which changes capacitance with 
addition of water vapor. Since the water vapor absorbed into the polymer is dependent on the 
water-vapor concentration in the air stream, the electrical capacitance of the polymer is a 
measure of the amount of water vapor in the air stream (hence humidity ratio and relative 
humidity). When the relative humidity of the air stream is changing, which happens 
continually as the humidity control process takes place, there is a time delay as water vapor 
diffuses into or out of the polymer. This time delay in moisture migration means that the 
humidity sensor can have a long response time when measuring relative humidity. 
7 .2.2. Humidity Sensor Analysis 
The three humidification processes (present approach, Plan A and Plan B) require 
different process-air conditions (i.e., different dry bulb and dew-point temperatures). 
Therefore, what dew-point temperature uncertainty will correspond to the measured sensor 
uncertainty of ±1 % relative humidity is important to know. Psychrometric theory can be 
used to determine these dew-point temperatures. For example, in the present approach, 
which requires process air at 59°F dew-point temperature and 95°F dry bulb temperature, the 
relative humidity is 31 %. Then, using the sensor accuracy of ± 1 %, the relative humidity 
uncertainty is bounded by 30% and 32%. The dew-point temperature uncertainty can be 
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determined by calculating the partial pressures. The partial pressures corresponding to the 
uncertainty boundaries for the relative humidities are: 
P., = q;•Pg (95° F) 
?.,(high)= 0.32·0.8165 psia = 0.2613 psia 
?.,(low)= 0.30·0.8l65psia = 0.2450psia 
The dew-point temperatures associated with the high and low partial pressures are 61°P and 
59°P, respectively. Therefore, the ±1 % uncertainty on the humidity sensor corresponds to 
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±1°P uncertainty on the dew-point temperature for humidifying process air with the present 
approach. Using the same procedure for Plan A (60°P dry bulb and 59°P dew-point 
temperature) and Plan B (95°P dry bulb and 50°P dew-point temperature), the dew-point 
temperature uncertainties are ± 1°P. 
Manufacturers do not report the response time for humidity sensors, but experience at 
ISU has shown the time constant (i.e., 63% of steady state) to range from 10 seconds up to 
one minute or more, which can make the process of humidity control difficult. Data from a 
humidity sensor used at a pharmaceutical company shows that the dew-point temperature 
"swings" from 50°P to 68°P as the clean-steam valve tries to control the dew-point 
temperature of the process air to 59°P (Pate, 2004). These dew-point temperature swings 
center around 59°P as one would expect, and they have a period of about 10 minutes (Pate, 
2004). Whether the data fluctuations are normal for a wide range of outdoor temperatures 
and humidities or were unique to that particular day when the data was taken is difficult to 
determine. Also, the range in dew-point temperature may be several degrees larger because 
the sensor measurement requires a water-vapor gradient for diffusion in or out of the sensor 
polymer. 
The humidity ratio at the humidifier outlet is a direct measurement of the clean steam 
injected into the flow stream. This dew-point temperature swing measured by the sensor can 
also be described in terms of a relative-humidity variation and finally, a humidity-ratio 
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variation (i.e., actual mass fraction of water vapor). Using the psychrometric chart for a fixed 
dry-bulb temperature of 95°F (i.e., the exit of the preheater), the 50°F to 68°F dew-point 
temperature swing corresponds to a 22% to 42% relative-humidity swing and a 0.0075 lbvllba 
to 0.015 lbv/lba humidity-ratio swing. If the outdoor humidity ratio is 0.00375 lbvllba 
(corresponding to a dew-point temperature of about 43°F), then the above humidity-ratio 
differential results in a clean-steam flow rate that varies by a factor of 3. 
Additional insight into the sensor control problem is gained by calculating actual 
clean-steam flow rates. If the air enters dry, the injected clean-steam flow rate varies from a 
low of 227 lb/hr to a high of 454 lb/hr, which is a factor of 2 in flow rate variation. For the 
case of air entering at a 43°F dew-point temperature and a humidity ratio of 0.00375 lbv/lba, 
the steam flow rate ranges from 114 lb/hr to 341 lb/hr, which as noted before is a factor of 3 
in steam flow. The analyses show that large deviations occur in the clean-steam flow rate that 
is used to control humidity, which is an indication of potential problems in humidity control. 
7 .3 Absorption Distance Analysis 
7.3 .1. Overview 
Another potential problem associated with conditioning process air is that a fog 
region, consisting of fine water droplets, could form downstream of the humidifier. 
Specifically, the steam humidifier operates by injecting hot steam (in this case at 240°F) into 
a cooler air stream. In the injection region, the steam is superheated since the temperature of 
the steam is above the 2 l 2°F saturation temperature that corresponds to atmospheric pressure. 
However, as the steam (i.e., water vapor) mixes with the process air, it is cooled to the point 
that a fog region is formed. For satisfactory humidification to occur, the air that is initially 
warmed by the steam when the fog first occurs needs to then transfer heat back to the water 
droplets, thus causing them to evaporate again to form water vapor. 
The length of the fog region downstream of the humidifier is called the "absorption 
distance". For proper humidification of air to occur, this absorption distance should be as 
short as possible. However, as the temperature of the process air is reduced (e.g. Plan A 
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reduces the preheating temperature of 95°F to 60°F), then this absorption distance increases. 
In the extreme case, the absorption distance could extend beyond the space between the 
steam humidifier and cooling coil so that the fog region makes contact with the cooling coil. 
If this occurs, then the water droplets in the fog region can traverse the coil so that the 
assumption of the cooling coil outlet temperature being equal to the dew-point temperature 
may be in error. 
The reasons that the fog region may extend through the cooling coil are two-fold. 
First, the condensation of water vapor occurs at the coil surface, which is significantly below 
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the dew-point temperature of the moist air. There is no physical mechanism for ·water 
droplets already present in the air stream to coalesce into larger drops that can then condense 
out of the flowing air stream. The second reason that the fog region might extend beyond the 
coil is that the fog region begins when the energy from the superheated steam is transferred 
to cold air, thus both warming the air and condensing water vapor to form fine water 
droplets. The fog region finally ends when the energy from the warmed air is transferred 
back to the water droplets, thus evaporating liquid water drops to form water vapor again. 
However, if the air that was originally warmed by the condensation of steam is now cooled, 
the energy is no longer available to transform droplets in the fog region back to vapor again. 
Another possible problem with the longer absorption distance is that the humidity 
sensor could be located in the fog region. Having the fog region in contact with the humidity 
sensor presents two possible control problems. First, the output of the humidity sensor is used 
to control the clean-steam injection rate and set a dew-point temperature of 59°F. However, if 
water droplets exist in the flow stream and these droplets are later evaporated downstream 
(e.g. in the steam heating coil), then the water vapor content of air as measured by the 
humidity sensor is higher than desired. In other words, the clean-steam injection is increased 
and too much water vapor is added to the flowing air so that the air entering the fluidized bed 
is too "wet". As noted before, the cooling coil controls humidity by achieving a dew-point 
temperature of 50°F, however based on the above discussion, this temperature will be in error 
if the fog region extends through the cooling coil. 
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A second control problem associated with water droplets being in contact with the 
sensors is that moisture (i.e., liquid water) from the fog region may in fact make periodic 
contact with the humidity sensor or even accumulate on the sensor's polymer surface, thus 
affecting the migration of water vapor by diffusion from the moist air stream into the 
polymer. This liquid water at the polymer surface could result in the sensor detecting a 
humidity that is higher than actual. In this case, the steam injection is decreased and not 
enough water vapor is added so that the air entering the fluidized bed is too "dry". However, 
since the actual dew-point temperature is controlled by the cooling coil to 50°F, this 
phenomenon is a problem only ifthe steam injection is so low that not even a 50°F dew-point 
temperature is achieved. 
The issues, namely 1) having water droplets passing by the sensor making the actual 
humidity too high and 2) having water droplets form on the sensor surface making the 
humidity too low, have an opposite effect. To identify the effect that will dominate, or even 
occur for that matter is difficult, if the humidification temperature is reduced to 60°F. In 
addition, there is the possibility that these effects are presently occurring at the 95°F 
humidification temperature, especially if the fog region is presently in contact with the 
sensor. This fog region may not be fixed, but rather oscillating (moving up and down the 
duct) because, as will be shown later, the clean-steam injection flow rate varies as the control 
system tries to control the humidity. 
7.3.2. Literature Review 
Several researchers have analyzed the absorption distance and discovered factors that 
affect how quickly steam is absorbed in an air stream. Unfortunately not all researchers agree 
on which variables determine the absorption distance. The reason is there is not an 
established standard on how to calculate absorption distance primarily because the absorption 
distance is a function of how the humidifier injects the steam. Instead, manufacturers 
calculate and tabulate the absorption distance factors, which are provided in product 
specifications. The downside of the manufacturer specifications is that information is not 
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provided on how the absorption distance factors were calculated, so validating or checking 
the manufacturer specifications is difficult. Also most manufacturers of humidifiers calculate 
the "maximum" absorption distance (i.e., the minimum distance between the humidifier and 
the next piece of equipment in the duct), but that distance might be several times larger than 
the actual absorption distance due to the duct configuration. The maximum absorption 
distance may cause unnecessary problems in system designs if there are space limitations in 
the air handling unit (Berlin, 1997, Knebel, 2001 and Lira, 2004). 
Morton (1985) ofDri-Steem Humidifier Company determined that three factors affect 
absorption distance: 1) air temperature, 2) change in relative humidity across the humidifier, 
and 3) the mixing of the air. The temperature of the duct is important because cold air 
requires a longer absorption distance than warm air. Also, the difference between entering 
and exiting relative humidity is important because additional moisture dispersed into the air 
stream increases the absorption distance. Finally, uneven airflow, non-uniform mixing and 
the number of steam discharge points affect the mixing of air and steam, which in tum affects 
the absorption distance. 
Lira and Nelson, also ofDri-Steem Humidifier Company, agreed with Morton, in that 
mixing of the air is an important factor, but proposed alternate factors. The three factors 
Morton determined that affect the absorption distance are: 1) relative humidity, 2) mixing of 
the air, and 3) air velocity. Morton states that higher the relative humidity increases the 
absorption distance. Therefore, lower duct temperatures will require more carefully designed 
humidifier applications to avoid wetting in-duct devices. The mixing of the air affects the 
absorption distance because if the air is more thoroughly mixed with the steam, then the 
absorption distance is shorter. Thus, absorption distance is directly related to the design of 
the humidifying apparatus, and is why absorption distance calculations and standards are left 
up to the manufacturers. Morton states that all else being equal (i.e., temperature, type of 
humidifier), increasing the air velocity increases the distance the fog travels. 
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Nortec Industries Inc. (Nortec, 2004) provides a manual to assist in the design of a 
steam distribution system that optimizes performance of the humidifier while ensuring 
absorption of steam within the duct system. Nortec uses five factors to determine the proper 
absorption distance: 1) air temperature, 2) highest humidity level before the distributor, 3) 
amount of moisture being added (LiRH), 4) minimum velocity of air, and 5) size of the duct. 
Unlike Dri-Steem, Nortec does not take into account the mixing of the air, but includes other 
factors (i.e., duct size) to measure the absorption distance. Table 7.1 shows how each 
variable affects the absorption distance. Norton also provides a nomogram to approximate 
absorption distance which is a function of air velocity, temperature and maximum steam 
mass flow rate. 
Table 7.1 Variables that Affect Absorption Distance 
Variables Change 
Absorption 
Distance 
Air Temperature 
t decreases 
-J, increases 
Air Humidity 
t increases 
-J, decreases 
Duct Size 
t decreases 
-J, increases 
fl. Relative Humidity 
t increases 
-J, decreases 
Air Velocity 
t increases 
-J, decreases 
7.3.3 Absorption Distance Analysis 
The type of humidifier for analysis and discussion herein is an Ultra-Sorb humidifier 
by Dri-Steem. The dispersion tube spacing between the thirteen tubes in the humidifier is 
three inches. Dri-Steem (DRI-STEEM, 2004) has created a chart that determines a 
maximum absorption distance using the three factors mentioned in Section 7.3.2. Tables and 
charts supplied by Dri-Steem are used to determine the absorption distance for specific 
humidifiers. The chart uses the entering and leaving relative humidity to determine the non-
wetting distance, which is also a function of the dispersion tube spacing. The leaving relative 
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humidity is found using the table of humidification load values as a function of dew-point 
temperature and percent saturation. 
The maximum absorption distance occurs in the winter when the air is very dry and 
requires the most humidification, so for this calculati_on an entering relative humidity is 
assumed. Recall that the air temperature entering the humidifier is set at 95°F for the present 
approach and Plan B, and 60°F for Plan A, and the exiting dew-point temperature is 59°F for 
the present approach and Plan A, and 50°F for Plan B. In order to use the table supplied by 
Dri-Steem, a small adjustment must be made for the present approach and Plan B. The 
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temperature range in the table has a maximum value of 90°F, thus, for the following 
calculations, the entering air temperature will be the same. Thus, the actual absorption 
distance will be shorter because the relative humidity at 95 °F is lower than that of 90°F. 
To demonstrate the calculation procedure, the following describes how to determine 
the maximum absorption distance for the present approach. First, assuming the 59°F dew-
point temperature is approximately equivalent to an air temperature at 60°F and 100% 
relative humidity, the amount of moisture of 4.93 lbv (from the chart) is about 40% relative 
humidity at 90°F. Assuming the entering relative humidity is 0% and the exiting relative 
humidity is 40% with a three inch dispersion distance, the maximum absorption distance is 
slightly longer than four inches. 
For Plan A, the procedure is more complicated due to the fact that there is a 1°F 
difference between the entering and exiting temperatures. Assuming the 59°F dew-point 
temperature is approximately equivalent to an air temperature at 60°F and 100% relative 
humidity, the amount of moisture at 100% relative humidity and 60°F is 4.93 lbv (from the 
chart). The figure supplied by Dri-Steem to compute the absorption distance does not provide 
information if the conditions require the leaving relative humidity to be 100%. However, 
from the figure, the maximum absorption distance is greater than 25 inches, which 
corresponds to a leaving relative humidity close to 99%. Thus, Plan A would have to be 
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modified because the absorption distance will be larger than the two feet separating the 
humidifier and the cooling coil. 
For Plan B, a relative humidity of 100% and 50°F according to the humidification 
chart results in 3.49 lbv. For an air temperature of 90°F, the 3.49 lbv has a relative humidity of 
about 28%. Again, the figure does not provide sufficient information for a leaving relative 
humidity below 40%. However, from the figure for a three inch dispersion distance, the 
absorption distance will be shorter than four inches. 
In summary, the absorption distances calculated for the present approach and Plan B 
are smaller than the two feet distance between the humidifier and the cooling coil. However, 
the absorption distance for Plan A exceeds the distance between the equipment, and moisture 
will collect in the duct and affect the sensor readings. Table 7.2 summarizes the absorption 
distance calculations. 
Table 7.2 Absorption Distances for the Three Humidification Approaches 
Entering Leaving Dispersion Absorption 
%RH %RH Tube Spacing Distance 
Present 
0 40 3in 4 in 
Approach 
Plan A 0 99 3 in > 25 in 
Plan B 0 28 3in <4 in 
7.4 Verification of Isothermal Humidifier Assumption 
Humidification with clean steam is normally described as an isothermal process. 
Since the exit temperature of the preheating coil for the present approach is 95°F then the 
humidifier exit should also be at 95°F, even though there has been humidification to a 59° 
dew-point temperature by the addition of clean steam. The isothermal assumption has been 
used throughout this study, and is important to verify the accuracy and to determine the 
magnitude of temperature error that occurs when the assumption is applied. The following 
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calculations will provide an indication of what 1s the actual temperature after the 
humidification process. 
The conservation of mass and energy will be applied to the humidifier to solve for the 
dry-bulb temperature at the humidifier exit. The temperature difference based on this 
calculated exit temperature and the humidifier inlet temperature will be the temperature error 
associated with the isothermal assumption. A worst-case scenario resulting from the 
maximum temperature error corresponds to maximum humidification for dry process-air 
humidified to a 59°F dew-point temperature, as discussed in Section 3.3. The case of 
completely dry air is hypothetical because in reality, even at the lowest outdoor temperature 
of -20°F, the relative humidity of the outdoor air is usually 80-100%. The humidity ratio at 
the humidifier inlet is assumed zero, while the value that corresponds to a 59°F dew-point 
temperature is 0.0107 lbvllba, as discussed in Section 5.2. The flow rate of clean steam using 
conservation of mass: 
ms= ma•~{J) 
:ns = 30, 285 /ba •{ 0.0107 -0) /bv = 324 /bv 
hr Iba hr 
Using conservation of energy results in: 
(7.1) 
:. h = h + mstm ·h 
2 ''1 • gstm 
ma 
The enthalpy of the dry air can be calculated by multiplying the specific heat of the 
dry air (Cp=0.24 Btu/lb/°F) by the dry-bulb temperature (95°F), which results in a value of 
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22.8 Btu/Iba. The enthalpy of clean steam at 240°F is 1160.7 Btu/Iba, as taken from the steam 
tables. Using Equation 7.1, the moist air enthalpy at the exit is calculated as follows: 
For this worst-case scenario of the air exiting the humidifier at a 59°F dew-point 
temperature and a moist air enthalpy of 35.2 Btu/Iba, the dry-bulb temperature froJTI the 
psychrometric chart is about 98°F, which is 3°F higher than the 95°F isothermal temperature. 
Because errors can occur when reading the psychrometric chart, the 98°F exit temperature is 
checked by calculating the humidifier exit enthalpy from the definition of moist air enthalpy 
as follows: 
hz = CPI; + w2hg, (98° F) 
h2 = 0.24 Btu •98° F + 0.0107 lbv •1104 Btu= 35.3 Btu 
Iba Iba lbv Iba 
Thus, calculating the moist air enthalpy based on the 98°F humidifier exit temperature, agrees 
with the value of 35.2 Btu/lb determined from Equation 7.1. In summary, the actual process 
air temperature exiting the humidifier is not necessarily isothermal and can be up to 3°F 
higher than the air entering for the present approach. 
The assumption of the isothermal humidification process also affects the cooling coil 
load. Throughout this study, the air temperature entering the coil was assumed to be 95°F. 
However, the previous discussion indicates that a maximum temperature of 98°F is possible 
when humidifying dry outdoor air. This dry-bulb temperature error at the cooling-coil inlet 
can affect the calculation of sensible heat transfer in the coil (e.g. the temperature change in 
the coil is 48°F instead of 45°F). However, these temperature errors will not affect the larger 
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latent heat transfer, which is only a function of dew-point temperature. In summary, the 
isothermal assumption leads to only slight errors in cooling load calculations. 
The isothermal assumption was checked for the Plan A humidification temperature of 
60°F by using Equation 7 .1 and the psychrometric chart. The results are similar in that a 62°F 
temperature was determined at the humidifier exit instead of 60°F. The 2°F temperature error 
at the cooling-coil inlet for Plan A represents a larger error compared to the present approach 
because the temperature drop from the inlet to the exit is smaller for this case. Specifically, 
the temperature change in the coil is 12°F instead of 10°F, a 20% difference. 
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Chapter 8 Temperature Sensor Error Analysis 
8.1 Overview 
The thermocouple is probably the most common industrial method for measuring 
temperatures. A thermocouple sensor consists of two dissimilar metals joined together at one 
end (a junction) that produces a small thermoelectric voltage when the junction is heated. 
The change in thermoelectric voltage is interpreted by thermocouple thermometers as a 
change in temperature (Omega Handbook, 1992). 
Measurement errors arise from a number of factors including the conduction of heat 
along the thermocouple wires and radiation from the thermocouple bead. The latter error can 
be significant when measurements of air temperature are attempted in an environment where 
surrounding surfaces at temperatures other than the air exist (Gray and Muller 1974). 
Thermocouples are not capable of determining whether the energy heating the junction is due 
to convection from the surrounding fluid environment or from surrounding surfaces due to 
radiation. Thus ambient air temperature determined from the thermocouple can have 
substantial error when radiation effects are significant (Yan et al. 1999 and Yan and Li, 
1998). The temperature measured by a bare thermocouple exposed to radiation is different 
from the air temperature, but if the radiation effects can be estimated (Sparrow, 1976), the 
true air temperature can be calculated. 
8.2 Literature Review 
There have been several investigators that have examined the effects of radiation on 
either temperature errors or convection heat transfer correlations. For example, Azad and 
Modest (1981) studied radiation effects on particles suspended in a tube with a constant wall 
temperature. They used a spherical model and determined the modified Dittus-Boelter 
formula Nu00 = 0.021·Re~8 •Pr0.33 for 5000 < ReD < 100, 000 to have an accuracy within± 5%. 
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Blevins and Pitts (1999) modeled bare thermocouples in compartment fires. Their 
analysis treated the thermocouple as a bare-bead and then estimated the heat transfer 
coefficient using Whitaker's correlation for external flow over a sphere (Whitaker's 
correlation calculates the Nusselt number based on diameter and velocity and is accurate to 
within± 25%). For the study, they used a thermocouple wire with a diameter of 0.5 mm and 
a bead diameter of three times the wire diameter (1.5 mm). The air velocity was set at 0.5 mis 
and the emissivity of the thermocouple bead was assumed to be 0.8 (typical value for dull, 
oxidized metal). The study was conducted for a range of gas temperatures (from 300 K to 
1400 K) and a range of surrounding temperatures (from 300 K to 1500 K). The results of the 
experiment showed that even at lower temperatures (e.g., gas temperature of 300 K and 
surrounding temperature of 400 K), a thermocouple temperature error of about 8°C existed. 
Moisson and Trombe (1998) studied corrections on ambient temperature 
measurements by thermocouples due to radiation effects. Their model of the thermocouple 
was divided into two parts: the sensor head was modeled as a sphere and the connection 
wires were modeled as a cylinder of a given cross section. They concluded that the 
composition of the thermocouple can be reduced to an energy balance of the sensor head 
alone and neglecting wave-length dependent radiative exchanges between the sensor and the 
surrounding walls is possible. Finally, a simplified model was proposed to include only the 
influence of the most important parameters on the measurement error, which accounts for 
solar absorption and the convective exchanges at the sensor head. 
Shaddix (1999) conducted a critical review of correcting thermocouple measurements 
for radiation loss. For the proper determination of a radiation correction, Shaddix examined 
the dependency of the optical properties of the thermocouple or thermocouple coating, the 
geometry of the thermocouple bead and the connecting wires, the local velocity and transport 
properties of the gases surrounding the thermocouple, the radiation exchange boundary 
conditions, and the effects of free molecular heat transfer. In the most general case, the 
energy balance on the thermocouple included heat transfer from the catalytic coating, 
conduction, convection, and radiation. Due to the difficulty in quantifying the catalytic and 
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conduction losses, Shaddix made attempts to limit these effects. Specifically, the 
thermocouple bead and wire were coated with a non-catalytic material and long 
thermocouple wires were used to reduce conduction losses. For steady measurements, the 
energy balance reduced to a convective-radiative balance. Shaddix also compared the 
convective heat transfer about a thermocouple using two relationships for the Nusselt number 
correlation. The relevant Reynolds number for heat transfer to the thermocouple was small 
because of the small dimensions of the thermocouple. 
For the calculation of the radiation correction to high-temperature thermocouple 
measurements, past researchers (Azad and Modest, 1981; Blevins and Pitts 1999; Moisson 
and Trombe 1998; Yan et al. 1999; Yan and Li, 1998) used a Nusselt number correlation for 
flow about a sphere or cylinder. Typically, the bead diameters are 2-5 times larger than the 
wire diameter and correlations for the Nusselt number for flow about a sphere have been 
used in the radiation correction calculations. The most commonly used correlation for the 
Nusselt number (Nu) applicable to low-Reynolds forced convection over a sphere (i.e., 
Reynolds numbers (Re) between 0 and 200) is that ofRanz and Marshall (1952): 
(8.1) 
A correlation applicable for high Reynolds number flows over a sphere is by Whitaker 
(1972): 
(8.2) 
which is valid for 0.71 < Pr < 380 and 3.5 < Re < 76,000. For cylinders, the Collis and 
Williams (1959) correlation is most commonly used: 
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( J
0.17 
NuD,cyI = ( 0.24 + 0.56•Re~45 ) ~: 
(8.3) 
which is appropriate for Reynolds numbers from 0.02 to 44 based on a mean temperature Tm 
and an ambient temperature T <» The Collins and Williams correlation has been extensively 
evaluated with data from hot wire anemometry (Bradbury and Catro, 1971; Pitts and 
McCaffrey, 1986). Andrews, et al. (1971) fit hot-wire data over 0.02 < Re < 20 with the 
following expression: 
NuD,cyI = 0.34 + 0.65·Re~45 (8.4) 
Shaddix (1999) concluded that for various bead and wire sizes, radiation effects are 
best modeled using Nusselt numbers for flow about a cylinder for bead-to-wire diameter 
ratios of ::::;; 3. In addition, for bead-to-wire diameter ratios > 3, a gradual transition to 
spherical heat transfer occurs. In summary, the bulk evidence indicates that a cylindrical 
Nusselt number (preferably that of Collis and Williams) is the most appropriate for 
describing the convective heat transfer for nearly all practical thermocouples. Shaddix also 
concluded that the radiation correction factor increases with increasing thermocouple wire 
and bead size. Shaddix also pointed out that the emissivity of a given metal is strongly 
dependent on surface characteristics including roughness, oxidation, and any catalytic 
coating of the metal and compare different emissivity values reported in literature. Hayhurst 
and Kittleson (1977) demonstrated that the emissivity of a fresh and clean type-S 
thermocouple varies from about 0.14 to 0.20. Grosshandler et al. (1980) measured an 
emissivity for a type-R thermocouple of 0.22 ± 0.02. The report also had an emissivity of 
0.30 ± 0.1 for a W-3%Re/W-25%Re thermocouple. Kaskan (1957) measured the emissivity 
of silica coating on a thermocouple to be 0.22 ± 0.02. Paterson and Laurendeau (1985) found 
this value to be consistent with their measurements and they also measured the emissivity of 
Be0N20 3 coating and found to be 0.60. Consequently, the use of a BeON20 3 coating will 
result in a radiation correction factor that is nearly three times greater than that using a silica 
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coating. Also alumina coated thermocouples have been found to have emissivity values 
between 0.3-0.4. 
8.3 Radiation Analysis of the Duct 
8.3.1 Overview 
The temperature measured by the thermocouple sensor at the cooling coil exit is an 
important parameter which controls the dew-point temperature of the process air at the inlet 
to the fluidized bed. Specifically, even though the process air leaving the cooling coil passes 
over the heating coil before entering the fluidized bed, the dew-point temperature of the 
process air is not affected by the heating coil. Thus errors in the temperature measured at the 
cooling-coil exit results in errors in the humidity entering the fluidized bed. A source of error 
is that the thermocouple is located in the space between the cooling coil, where temperatures 
can be as low as 40°F, and the heating coil, where temperatures can be as high as 3 l 2°F. If 
radiation exchange from these coils did not exist, then the temperature sensor would be in 
thermal equilibrium with the process air so that the measured temperature would in fact be 
the same as the air temperature. However, the close proximity of these coils to the 
temperature sensor and the extreme temperature difference contributes to radiation heat 
transfer between the thermocouple and coil surfaces, which is in addition to the normal 
convective heat transfer between the sensor and process air. 
As an aside, the thermal resistances (hence temperature drops) of both the condensing 
steam and tube wall are small because steam has large convective heat transfer coefficients 
ranging from 2,500 to 100,000 W/m2·K4, while air convection coefficients range from 25 to 
250 W/m2·K4. Because of this disparity in heat transfer coefficients, air-side fins are added to 
coils to compensate for the small air-side convection coefficients. Even so, common practice 
during heat transfer analyses is to assume that the tube wall temperature is close to the 
temperature of the fluid flowing inside the tube (e.g. condensing steam at 312°F). 
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8.3.2 Development of Radiation Governing Equations 
The first step in calculating the temperature error at the cooling coil exit is to perform 
an energy balance on the thermocouple. Figure 8.1 is a schematic of the thermocouple within 
the duct between the cooling and heating coils. Process air flows from left to right over the 
coils while the heat transfer is from right to left due to the direction of the temperature 
difference. The characteristics of the thermocouple include a diameter D and surface area A. 
One assumption is that the thermocouple absorbs energy by convection to its entire surface 
from the process air at an unknown temperature, Ta, and radiates energy to the duct walls. An 
additional assumption is that the thermocouple surface is a gray surface. Note that the 
' 
intensity of radiation emitted from a gray surface is a function of the surface's temperature 
and emissivity (Modest 1993). Figure 8.2 is a schematic of the control volume of the 
thermocouple and indicates the relationship of the three surfaces that radiate. 
Process 
Air Flow 
Chilled 
Water 
Coil 
Ta=? 
q ~ 
r--
Ts= iE---
iE--- 50QF 
l 
Ta=? 
Th= 312QF 
Steam 
Heating 
Coil 
Process 
Air Flow 
Figure 8.1 Diagram of Radiation Effects in Relation to the Thermocouple. 
(Not drawn to scale) 
Side 1 
Chilled 
Water 
Coil 
100 
Side 3 Duct Wall 
Side 3 Duct Wall 
Side 2 
Steam 
Heating 
Coil 
Figure 8.2 Schematic of Duct with Numbers for Surface Identification. 
(Not drawn to scale) 
Sides 1 and 2 represent the cooling coil and the heating coil, respectively, and Side 3 
is the duct wall which is assumed to be a perfectly insulated surface. The thermocouple is 
defined as object 4. The numbering scheme in Figure 8.3 is used in the governing radiation 
equations to represent different components for the energy balance. For this analysis, bare-
bead thermocouple models were developed assuming steady-state, combined-mode heat 
transfer for a gray body enclosure. The gray body analysis involves the following 
assumptions: 
• All surfaces are isothermal and opaque. 
• All surface absorptivities and emissivities are independent of wavelength and 
temperature. 
• All emitted, reflected, and incident radiation has the same intensity in all 
directions. 
• Air is assumed to be isothermal and any temperature gradients in the air or on 
the surfaces are negligible. 
• Air is a radiative non-participating medium. 
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• The two coils are assumed to approach that of a black body with an emissivity 
of0.99. 
• The insulated duct wall is assumed to be anodized aluminum with an 
emissivity of 0.77. 
• The emissivity of the thermocouple is assumed to be 0.30 (based on Shaddix, 
1999). 
The resulting equation to determine the actual temperature of process air, Ta, is as follows: 
Ein = Eout 
qs,rad = qs,conv 
The convective energy to the thermocouple is: 
where Ts is the surface temperature of the thermocouple, i.e., T4 • The radiation from the 
thermocouple and the duct walls are determined using the relationship for net radiative heat 
transfer from surface i which is related to the radiative exchange with other surfaces j. For 
this analysis, N=4 (Incropera and DeWitt, 2002; Siegel and Howell, 2002): 
(8.5) 
Energy balances for each of the four surfaces results in the following equations. 
Eb,I -JI JI -J2 JI -J3 JI -J4 -'---- = + + --'----'--
_I -_&_I (A1•F;2f1 (A1•F;3t (A1•Fi4t 
(8.6) 
51A1 
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Eb,2 -J2 }2 -JI ]2 -J3 J2 -J4 
= + + 1-& (Ai •F21 f1 ( A2 •F23 f1 (Ai •F24 f1 __ 2
(8.7) 
&2Ai 
Eb,3 -J3 }3-JI }3-}2 J3-j4 
= + + l-&3 (A3•F;1f1 (A3•F;2f1 (A3•F;4f1 
(8.8) 
&3A3 
Eb,4 -J4 J4 -JI }4 -J2 J4 -J3 
= + + l-&4 (A4•F41f1 (A4•F42f1 (A4•F43t 
(8.9) 
&4A4 
Energy balances were also taken at the duct and thermocouple sensor surface to relate 
radiation exchange to the convection. The two equations are: 
(8.10) 
(8.11) 
Note that Eb; = a•T/ and the Stefan-Boltzmann constant is a= 5.67 x 10-s W/m2K4. The 
unknowns are the radiosity of the four walls (J1, 12, JJ, J4) and the view factors Fu, which will 
be discussed next. 
8.3.3 View Factor Scaling 
When calculating radiative heat transfer between surfaces, geometric relations are 
needed to determine how surfaces view each other. As a result, geometric view factors 
(configuration factor) must be specified to account for the various geometries. These view 
factors allow for computation of radiative transfer between any two surfaces. The view factor 
correlations presented herein assume that the energy leaving from one surface to another 
surface is uniformly distributed. 
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The view factor for the cooling coil to the heating coil is found utilizing the following 
equation for aligned parallel rectangles (Howell, 1982): 
- x - y 
X=- and Y=-
L L 
ln[(l + x 22·(1 ~Y2 )j'" + X(l + Y')'"·tan-• ~ 
2 l+X2 +Y2 (l+Y2 ) 112 
F;j =---· 
Jr•X•Y 
+Y(l+X2 )112 •tan-1 y -X•tan-1 X-Y•tan- 1 Y 
(1 + _X2)112 
The parameters X and Y are the height and width of the rectangle, respectively and Lis equal 
to the distance between the two rectangles. 
There are two ways to determine the view factor from the cooling coil to the duct 
walls. The view factor for the cooling coil to one side of the insulated duct can be found 
utilizing the following equation for perpendicular rectangles with a common edge. However, 
this equation will only calculate the view factor to one side of the duct wall. Since the 
cooling coil is square and each side of the duct wall is the same size, multiplying the view 
factor by four gives the appropriate value for the view factor from the cooling coil to the 
entire duct wall (Howell, 1982), as follows: 
1 
F..=-
1) n•W 
7 
104 
z y 
H=- and W=-
X X 
The parameters Z and Y are equal to the lengths of the sides perpendicular to the common 
edge and X is the length of the common edge. 
A simple check can be made to ensure that the calculations for the view factors are 
correct. Specifically, a view factor is the fraction of the radiation leaving one surface that is 
intercepted by another surface, and so by is equal to one (known as the summation rule) for 
an enclosure (lncropera and DeWitt, 2002; Siegel and Howell, 2002). By applying the 
summation rule: 
}=I 
where the cooling coil is considered a flat plate with Fll= 0 (i.e., the cooling cool never 
radiates energy to its surface). The view factor from the cooling coil to the heating coil was 
determined from the above equation for two parallel plates and is equal to F 12 . Assuming that 
the view factor from the cooling coil to the sensor is small (i.e., F 14 :::::0), the view factor from 
the cooling coil to the duct walls can be determined as: 
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The view factors from the sphere to one side of the duct or to the heating or cooling 
coil are determined using the following equation (Fiengold and Gupta, 1970): 
b b 
B =i and B =-1. 
I 2 a a 
where a is the distance from the sphere to the surface (i.e., duct wall or coil surface), b1 is 
length of the surface and b2 is the width of the surface. 
8.3.4 Convection Heat Transfer Coefficient for the Sensor 
To solve Equations 8.6-8.11 for actual air temperature, the convection heat transfer 
coefficient, h, for the process air flowing around the sensor must be determined. The heat 
transfer coefficient is a function of the geometry and properties (which are a function of 
temperature). A value for h can be calculated assuming an average temperature of 50°F so 
that properties can be determined. Once properties are known then the velocity of air at the 
106 
cooling coil exit can also be determined. The continuity equation can be rearranged as 
follows to find the coil exit velocity: 
m = pVAduc1 
- m 
V=--
pAduc1 
The density of air at 50°F is found by rearranging the ideal gas equation as follows: 
(130+460)° R 
PsooF = P1300F (50+460)° R 
lb (590)° R lb 
p5 0 = 0.0673-3 • = 0.0779-3 
OF ft (5lO)°R ft 
(8.12) 
Knowing that the process-air flow rate is 30, 285 !!!.._, then the velocity is determined to be: 
hr · 
lb 
30,285- ft 
V = hr . =5.3-
0.0779 lb •20.25ft2 •60mm.60 sec s 
ft 3 hr min 
(8.13) 
The diameter of the thermocouple is 3/16" (0.1875 inches), so that the sensor area, A, 
assuming a sphere is: 
2 
O.l875in 
A= 4;rR2 = ;rD2 =Jr• = 0.000767 ft 2 
12 in 
(8.14) 
ft 
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whereas, assuming the surface area as a cylinder with a length of 1 inch is: 
;rD2 
A=;rDL+--
4 
O. l 875in•lin 
A=;r• -----
l44in2 
ft2 
2 
;r 0.1875in 
+-• ---
4 l2in 
= 0.00428ft2 
ft 
(8.15) 
The heat transfer calculations for temperature error . are dependent on the 
thermocouple size, and therefore additional sensor sizes (e.g. W' and Yi") will also be 
analyzed. However, as will be shown later, these larger sensor sizes result in smaller heat 
transfer coefficients and therefore, even larger temperature errors. Before the convective heat 
transfer coefficient can be calculated for the 3/16" sensor, various air properties at 50°F 
(10°C) must be taken from standard property tables as follows:. 
2 fi2 
u = 14.4xl0-6 !!!:__=155x 10-6 - 1-
s s 
k = 24.9xl0-3 ~=14.38xl0-3 Btu 
m•K hr•ft•°F 
Pr= 0.711 
The Nusselt number, and hence the convective heat transfer coefficient is a function of 
Reynolds number, which is calculated as follows: 
V•D 
ReD =--
u 
The Nusselt number for flow over a sphere using the Whitaker correlation (1972) is: 
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The Nusselt number for flow over a cylinder using the Churchill and Bernstein correlation 
(Incropera and DeWitt, 2002) is: 
Then the convective heat transfer coefficient across the thermocouple is determined as 
follows: 
Nu =hD 
D k 
where D is the characteristic length and k is the ,fluid thermal conductivity. For either a 
sphere or a cylinder, the characteristic length is the diameter. Table 8.1 provides a summary 
of the Reynolds numbers, Nusselt numbers (for both sphere and cylinder assumptions) and 
the resulting heat transfer coefficient for three thermocouple diameters. 
Table 8.1 Summary of Calculations to Determine the Heat Transfer Coefficient 
Sphere Cylinder 
Thermocouple 
Re0 Nu0 
ho 
Nuo ho diameter (W/m2·K) (W/m2X) 
D (in) 
0.1875 534 13.6 70.6 11.7 61 
0.25 712 15.6 61 13.5 52.5 
0.5 1425 22 43.1 19.2 37.6 
8.3.5 Convective Heat Transfer of the Duct Walls 
The heat transfer coefficient for the duct wall also needs to be determined. To 
calculate this heat transfer coefficient, the Reynolds number and Nusselt number for flow 
over a flat plate (using the velocity calculated in Equation 8.13 and previous Prandlt and 
thermal conductivity values) are determined from the following equations: 
V•L 
ReL =--
v 
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5.3 ft ·2ft 
ReL = s 2 = 68,387 
155£-6[!_ 
s 
The average Nusselt number for flow over a flat plate is: 
NuL = 0.664•Re~·5 •Pr033 
NuL = 0.664·68,387°5 •0.711°33 =154.69 
The average heat transfer coefficient for the duct wall is: 
- NuL•k 
hL =---
L 
154.69·14.38xl0-3 Btuo 
hL = hr•ft• F =l.112 Btu =6.315~ 
2ft hr•ft2 •° F m2 •K 
8.4 Cooling Coil Temperature Sensor Error 
8.4.1 Sensor Error Calculation 
(8.16) 
(8.17) 
(8.18) 
For the system shown in Figure 8.2, the duct is approximately 5 ft by 5 ft, however 
with wall insulation taken into consideration, a size of 4.5 ft by 4.5 ft is more appropriate, so 
that the duct cross-sectional area is .Aiiuct = 20.25 ft2• Also, the cooling coil and heating coil 
are separated by 2 ft and the thermocouple is perfectly centered between the two coils and the 
duct wall. Since the thermocouple is very small in comparison to the duct walls, the sensor is 
assumed to have no effect on the view factors from one wall to another (as stated in 8.3.3). 
Using these assumptions, view factor correlations can be calculated. 
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All of the properties and parameters are now known, and therefore Equations 8.6-8.11 
can be used to solve for the six unknown variables (i.e., radiosity of the four surfaces, the 
mean wall temperature, and the ambient air temperature). A computer program was written 
in MathCad 11.0 to solve the system of equations and unknowns. The computer program is 
provided in the Appendix. The results for treating the thermocouple as a sphere and a 
cylinder are presented in Table 8.2 are as follows: 
Table 8.2 MathCad 11.0 results for the Known Variables 
D = 3/16 inch D = 1/4 inch D = 1/2 inch 
Sphere Cylinder Sphere Cylinder Sphere Cylinder 
Assumption Assumption Assumption Assumption Assumption Assumption 
J1 (W/m2) 346 346 346 346 346 346 
J2(W/m2) 1907 1907 1907 1907 1907 1907 
J3 (W/m2) 698 697 697 695 692 699 
J4 (W/m2) 787 786 786 786 785 784 
Twall (K) 322.2 321.9 321.9 321.6 321.2 320.8 
Tair (K) 280.6 280.2 280.2 279.7 279 278.4 
Assuming the thermocouple (D=0.1875 in) is more like a sphere, the actual air 
temperature according to the analysis is 45.4°F rather than 50°F. However, assuming the 
thermocouple shape is more consistent with a cylinder, the air temperature is 44. 7°F. Thus, 
there is a temperature error of 4.6°F and 5.3°F for the sphere and cylinder assumptions, 
respectively. Similarly, if the thermocouple size was larger (i.e., up to Yi inch) then the 
actual process air temperature error could be as large as 8.5°F. The difference between the 
sphere or cylinder correlations appears to be independent of size since, the temperature 
difference for all three diameters is approximately 0.5°F. Thus the temperature error is more 
sensitive to the size of the thermocouple than which correlation chosen to model the 
thermocouple. 
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8.4.2 Effects of Thermocouple Sensor Error 
It was determined that the thermocouple sensor measurements can be 5°F higher than 
the actual air temperature. A direct conclusion from this analysis is that the chilled water 
control valve will deliver a higher flow rate of chilled water than necessary. Thus, the 
radiation effects cause higher temperature readings by the thermocouple, which causes the 
control system to further cool the process air. 
The temperature error at the cooling coil exit also leads to errors in dew-point 
I 
temperature and thus an error in the humidity ratio entering the fluidized bed. Specifically, 
the humidity ratio for a dew-point temperature close to 45°F is 0.0062 lbvllba, while previous 
calculations resulted in a humidity ratio of 0.0076 lbvllba at a dew-point temperature of 50°F. 
Therefore, the temperature error of 5°F which results in a process air temperature of about 
45°F, could result in a humidity ratio error of about 18.5%, which also means that the 
fluidized bed inlet humidity that is being controlled by the cooling coil is off by 18.5%. 
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Chapter 9 Conclusion 
Both an economic and a technical analysis were performed for the purpose of 
comparing three humidification methods considered for conditioning process air. These 
methods are known as the present approach (humidification at 95°F to a 59°F dew-point 
temperature), Plan A (humidification at 60°F to a 59°F dew-point temperature) and Plan B 
(humidification at 95°F to a 50°F dew-point temperature). The first two methods add excess 
water vapor as the process air is humidified to a 59°F dew-point temperature and then 
dehumidified to a 50°F dew-point temperature by using the cooling coil. The last method, 
Plan B, humidifies process-air directly to a 50°F dew-point temperature. 
The first step of the economic analysis was to determine the unit production cost for 
the high pressure boiler steam and chilled water. A major cost for conditioning process air is 
the purchase of natural gas ($1.00 per therm) for use in the HP boiler providing thermal 
energy (via combustion) to produce high-pressure steam for the preheating coil, clean-steam 
boiler, and heating coil. The production cost for HP boiler steam was determined to be 
$0.0129 per lb of high-pressure steam produced. Another major cost was the expense for 
producing clean steam used to humidify the process air. The production cost per lb of clean 
steam was $0.0164 with natural gas (via the HP boiler) and $0.0219 with electricity ($0.065 
per kW-hr), which results in a 25% cost savings for natural gas compared to electricity. The 
unit production cost for operating the water chiller was determined to be a function of the 
coefficient of performance, which is a function of outdoor temperature and equipment type. 
Based on manufacturer's data, the actual COP of the water chiller determined from the 
Carnot COP has a refrigeration efficiency of 30%. 
The pnmary motivation for companng three different methods of conditioning 
process air has been to minimize the operation costs. Specifically, with the present approach, 
heating of the process air occurs over the same 50°F to 95°F temperature range twice, which 
results in an extra expense. In addition, air is routinely over-humidified to a 59°F dew-point 
113 
temperature and then dehumidified to 50°F, even when the outdoor air temperature is already 
greater then 50°F, as is the case for four months of the year. Using typical meteorological 
year data and assuming continuous system operations, the annual operating cost for the 
present approach is about $304,000 while Plan A and Plan B costs are $240,000 and 
$200,000, respectively. Thus, Plan A and Plan B result in an annual savings of $64,000 and 
$104,000, respectively. Since the fluidized beds operate less than 100% of the time, the 
actual cost savings from implementing Plan A and Plan B may be considerably less. For 
example, if the system operates only 50% of the time then the annual savings are $32,000 
and $52,000 for Plan A and Plan B, respectively. However, as discussed in this study, 
potential technical problems could arise using Plan A or Plan B, therefore, the limited cost 
savings may be outweighed by the potential technical problems. 
The maximum HP boiler steam load was determined for outdoor air at -20°F with 
negligible water vapor. The HP boiler steam loads for the present approach, Plan A and Plan 
B are 4,145 lb/hr, 3,581 lb/hr, and 3,301 lb/hr, respectively. Since the HP boiler has a 
maximum capacity of 4,112 lb/hr, the present approach is near the limit. In fact, ifthe electric 
boiler in fluidized bed 2 is replaced with a clean-steam boiler that uses HP boiler steam then 
the demand would be 4,546 lb/hr, which exceeds the HP boiler capacity by 10%. 
A humidity sensor error analysis indicated that the ±1 % accuracy in relative humidity 
translates to a ± 1°F dew-point temperature uncertainty for typical conditions used in the 
humidifier. However, a potential problem with this analysis was obtaining an accurate dry-
bulb temperature. The existence of both hot and cold coils near the thermocouple sensor can 
result in significant errors when measuring and controlling the dry-bulb temperature of the 
process air. Another potential problem with humidity sensor measurements was large time 
responses. The humidity sensor time response was indicative of a large change in dew-point 
temperature, from 50°F to 68°F, even though the control temperature is 59°F. The large 
temperature variation corresponds to a 22% to 42% change in relative humidity at the 
humidifier exit. 
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Another source of temperature error may exist due to radiation heat transfer to the 
thermocouple from the surfaces of both steam coils, resulting in significant temperature 
differences between the thermocouple sensor and the process air. For example, the 
temperature sensor at the cooling coil exit measures 50°F which controls the chilled-water 
flow rate to achieve this temperature. In reality, because of the heating coil just downstream 
of this sensor, the actual process air temperature could be closer to the chilled water 
temperature of 40°F. As a result, the dew-point temperature of the process air entering the 
fluidized bed is off by 5°F. Similar errors may exist in the process-air temperatures at the exit 
of the preheating coil and the heating coil. 
The humidification process is usually assumed to be an isothermal process, however 
this study showed that this assumption can be i.n error by several degrees. The actual 
temperature at the humidifier exit was calculated to be 98°F for the present approach and 
62°F for Plan A, compared to the humidifier inlet temperatures of 95°F and 60°F, 
respectively. The reason for this temperature increase is that the clean steam injected at 240°F 
heats the process air, in addition to adding water vapor. The effect is that temperature 
variations may also occur at the cooling coil inlet and exit. 
During the course of this study, several problems with the present method of 
conditioning process air were found. Some of these problems may require follow-up studies. 
These problems are summarized as follows: 
1. The humidity sensor installed at the humidifier exit has a slow response time that 
results in the clean-steam valve opening and closing, causing large variations in the 
clean-steam flow rate and process-air dew-point temperature. Potential solutions 
include installing a humidity sensor with a faster response time, implementing 
different control procedures, and investigating new control valve technology. 
2. Errors in the process-air temperature due to radiation affects were shown to be 
possible at the exits of all three coils. The actual magnitude of these thermocouple 
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errors should be determined by additional analytical analysis or by experimental 
investigation. In addition, methods to reduce these thermocouple errors should be 
investigated. 
3. The length of the absorption region downstream of the humidifier is much shorter 
than the distance to the cooling coil for the present approach. As discussed, 
significant humidity control problems can occur if this fog-region extends to the 
cooling coil. The length of the absorption region should be determined by additional 
analysis and experiments. 
4. The demand for HP boiler steam at extreme winter conditions of -20°F is equal to the 
HP boiler capacity. Therefore, replacing the electrical clean-steam boiler with a boiler 
that uses high-pressure steam would cause the demand to exceed the boiler capacity. 
Additional analytical/experimental investigations or system modifications should be 
conducted prior to taking any action. 
5. Because of the importance of setting accurate process-air conditions, experimental 
investigations should be conducted to measure the actual inlet conditions that are 
presently being set by the existing process-air conditioning system. 
116 
References 
Andrews, G., Bradley, D. and Huntly, G. (1971). Hot Wire Anemometer Calibration for 
Measurements of Small Gas Velocities. Int. J Heat Mass Transfer, 15, 1765-1786. 
ASHRAE Handbook (2003) Fundamentals. Atlanta: ASHREA. 
ASHRAE Handbook (2004) HVAC Systems and Equipment. Atlanta: ASHREA. 
Azad, F. H. and Modest, M. F. (1981). Combined Radiation and Convection in Absorbing, 
Emitting and Anisotropically Scattering Gas-Particle Tube Flow. Int. J Heat and Mass 
Transfer, 24(10), 1681-1698. 
Berlin, G. (1997). Proper Application of Modem Steam Humidifiers. Heating and 
Ventilating Engineer: The Journal of Environmental Services, 52(608), 11-13. 
Bradbury, L. and Castro, I. (1971). Some Comments on Heat-Transfer Laws for Fine Wires. 
J Fluid Mech. 51(3), 487-495. 
Brown, R.C. (2003). Fluidized Bed Processes. Unpublished Coursework, Ames, IA 
DRI-STEEM. (2004). MINI-BANK absorption: Steam Injection Humidification System 
Product Catalog. [Data File]. Retrieved June, 2004, from the DRI-STEEM Web site: 
http://vvvvw.dristeem.com/WebSite/SiiverStream/Pages/pgHome.html 
Feingold, A. and Gupta, K. G. (1970). New Analytical Approach to the Evaluation of 
Configuration Factors in Radiation from Spheres and Infinitely Long Cylinders. ASME J 
Heat Transfer, 92(1), 69-76. 
Gray, W. and Muller, R. (1974). Engineering Calculations in Radiative Heat Transfer. New 
York: Pergamon Press. 
Grosshandler, W., Engel, M. and Russell, A. (1980). Emissivity of Thermocouples of 
Combustion Measurements: Western States Section of the Combustion Institute, Spring 
Meeting. 
Hayhurst, A., Kittelson, D. (1977). Heat and Mass Transfer Considerations in the Use of 
Electrically Heated Thermocouples of Iridium versus an Iridium/Rhodium Alloy in 
Atmospheric Pressure Flames. Combustion and Flame, 28, 301-317. 
Howell. J. R. (1982). A Catalog of Radiation Configuration Factors. United States: 
McGraw-Hill. 
117 
Incropera, F. P. and DeWitt, D. P. (2002). Heat and Mass Transfer. New York: John Wiley 
and Sons. 
Knebel, D. (2001) Installation of Vapor-Injection and Atomizing Humidifiers. HPAC 
Engineering, (August 2001), (49-52) 
Lira, R. and Nelson, B. How to Design for Proper Humidification Steam Absorption. 
Retrieved July, 2004, Available from DRI-STEEM Web site: 
http://www.dristeem.com/WebSite/SilverStream/Pages/articles.html 
Lira, R. (2004). A voiding the Wet Duct Callback. Retrieved July, 2004, Available from the 
DRI-STEEM Web site: 
http://www.dristeem.com/WebSite/SilverStream/Pages/articles.html 
Marion, W. and Urban, K. (1995). User's Manual for TMY2s Typical Meteorological Years. 
Solar Radiation Resource Information. Retrieved May, 2004, from 
http://rredc.nrel.gov/solar/pubs/tmy2/titlepg.html 
Modest, M. (1993). Radiative Heat Transfer. United States: McGraw-Hill. 
Moisson, M. and Trombe, A. (1998). Correction of Ambient Temperature Measurement by 
Thermocouple. Experimental Heat Transfer, 11(4), 299-315. 
Moran, M. and Shapiro, H. (2000). Fundamentals of Engineering Thermodynamics (4th). 
New York: Wiley and Sons. 
Morton, B. (1985) Solving Humidification Problems. Journal of Mechanical Design, (Sept. 
1985), (68-71) 
Nortec Product Literature (2004) Saturation Distance. [Data File]. Retrieved July, 2004, 
Available from the Nortec Web site: http://www.humidity.com 
Olivieri, J. and Singh, T. (1996). Psychrometrics Theory and Practice. Atlanta: ASHRAE. 
Omega Temperature Handbook, 28. (1992). United States: Omega 
Pate, M. B. (personal communication, April, 2004) 
Peterson, R. and Laurendeau, N. (1985). The Emittance of Yttrium-Beryllium Oxide 
Thermocouple Coating. Combustion and Flame, 60, 279-284. 
Pitts, W. and McCaffrey, B. (1986). Response Behavior of Hot Wires and Films to Flows of 
Different Gasses. J Fluid Mech. 169, 465-512. 
118 
Shaddix, C. (1999). Correcting Thermocouple Measurements for Radiation Loss: 
Proceedings from the 33rd National Heat Transfer Conference. Albuquerque: ASME. 
Siegel, R. and Howell, J. (2002). Thermal Radiation Heat Transfer. (4th). New York: Taylor 
and Francis. 
Sparrow, E. M. (1976). Error estimates in temperature measurement. In E. R. G. Eckert and 
R. J. Goldstein (Eds.), Measurements in Heat Transfer (2nd) (1-23). Washington, 
Hemisphere Publishing Corporation 
Vaisala Product Literature (2004) Vaisala HUMICAP Humidity Temperature Transmitter 
Technical Guide. [Data File]. Retrieved April, 2004, Available from the Vaisala Web 
site: http://www.vaisala.com/page.asp?Section=5475 
Whitaker, S. (1972). Forced Convection Heat Transfer Correlations for Flow in Pipes, Past 
Flat Plates, Single Cylinders, Single Spheres, and for Flow in Packed Beds and Tube 
Bundles. AJChE Journal, 18(2), 361-371. 
Yan, W., Li, H. and Lin, D. (1999). Radiation Effects on Mixed Convection Heat Transfer in 
a Square Duct Rotating About a Parallel Axis: Proceedings from the 33rd National Heat 
Transfer Conference. Albuquerque: ASME. 
York Product Literature (2004) Centrifugal Liquid Chiller Technical Guide. [Data File]. 
Retrieved April, 2004, Available from the York International Web site: 
http://v.'V\rw.york.com/products/ esg/Y orkEn gDocs/91 0. pdf 
119 
Appendix MathCad 11.0 Computer Program 
Tl:= 277.< T4 := 283.t T2 := 425 e1 := 0.95 
e4 := 0.3( cr := 0.000000056 F l2 := 0.454'. F13 := 0.545'. 
F31 := 0.306: F34:= 0 F41 :=0.314c F43 := 0.370: 
Enter guess values for 6 unknowns: 
T3 :=40( 11 :=100( 12 :=100( 13 :=100( 14 :=100( Ta:=28C 
Enter the 6 equations: 
Given 
4 
ercr·T1 e1 
--- = F12·11 + Fn11 + F14·l1 + --·11 - F12·12 - Fn13 - F14·14 
l-e1 l-e1 . 
4 
T2 el 
e1·cr·-- = F12·J2 + Fn12 + F14·l2 + --·l2 - F12·J1 - Fnl3 - F14·l4 
1 - e2 1 - e1 
4 
T3 e3 
e3·cr·-- = F3rJ3 + F3rJ3 + F34·l3 + --·J3 - F3rl1 - F34·l4 - F3rl2 
1 - e3 1 - e3 
4 
~cr-~ ~ 
= F4rl4 + F4rl4 + F4J14 + --·l4 - F4r11 - F4r12 - F4J13 
1 - e4 1 - e4 
Solution 
e2 := 0.95 e3 := 0.7: 
F14:= 0 hsensor := 7 U 
hduct := 6.31 '. 
vec = 
345.823 
l.907x 103 
698.466 
786.675 
322.188 
280.623 
